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As the electric power supply systems are undergoing major changes
with the integration of renewables, the issues related to voltage regulation
and system protection are arising. In this scenario, advanced voltage regu-
lation technologies that provide voltage control at the grid-edge, that is at
the low-voltage secondary side of the distribution circuit, have emerged as a
potential solution to address the shortcomings of traditional voltage control
practices in distribution systems. In this work, these technologies are modeled
and algorithms are developed to strategically deploy them, tune their control
parameters, and evaluate their voltage regulation performance. A two-stage
optimization framework is proposed for optimal placement and real-time con-
trol of the low-voltage static var compensators to minimize the energy losses
while maintaining the voltage regulation. Integration of high levels of dis-
tributed generation such as photovoltaic (PV) systems impacts the voltage
regulation by causing steady-state voltage variations and transient voltage
vi
fluctuations. This work further develops a procedure to tune the control pa-
rameters of PV smart inverters to mitigate these voltage issues. Furthermore,
the PV penetration levels in a distribution network can be increased without
creating voltage problems by dynamic controlled reactive power absorption
at several strategic buses. This concept is modeled and demonstrated in this
work. Furthermore, the high levels of PV generation can interfere with the
overcurrent protection schemes prevalent in distribution networks. An ana-
lytical approach is proposed in this work to estimate the distribution feeder
PV accommodation limits with respect to overcurrent protection issues as the
impact criteria, without needing to simulate numerous PV screening scenarios
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Traditionally, distribution feeders are radial in nature with the distri-
bution substation as the only source supplying the passive loads connected
across the network. The conventional voltage regulation and system protec-
tion practices in distribution grids rely heavily on the unidirectional power
flow assumption that is valid for radial passive distribution grids. With the
integration of various distributed energy resources (DER) in the modern grids,
there are multiple sources of power causing bidirectional power flows, leading
to both voltage regulation and protection problems. This chapter presents the
motivation and objectives of the research on the development of algorithms to
address the voltage regulation and protection issues in modern grids. Further,
the specific research approaches taken to address the objectives along with the
technical contributions are also outlined.
1.1 Background and Motivation
As electric power delivery systems are undergoing remarkable changes
lately in terms of introduction of new sources, loads and operation modes,
system planners are experiencing many challenges. The integration of DER
1
including photovoltaics (PV), energy storage systems (ESS), and electric ve-
hicles cause issues related to voltage regulation, overloads, and protection.
Detailed studies conducted on numerous distribution feeders with millions of
unique scenarios to assess the impact of PV generation have concluded that
the voltage and protection related issues are the most affected out of many
issues examined [2]. Therefore, new methods and algorithms are needed to
enhance the voltage regulation and system protection in the modern electric
grids.
Voltage regulation is one of the fundamental responsibilities of a distri-
bution utility. Voltage regulation refers to maintaining acceptable voltages at
all points along the distribution feeder including secondary service circuit un-
der all loading conditions. Most of the utilities in the U.S. follow ANSI voltage
standards [3] for maintaining acceptable levels of service voltages. The service
voltage is the point where the electrical systems of the supplier and the user
are interconnected which is normally at the meter. According to ANSI stan-
dard, the service voltages should be within ±5% of their nominal voltage level
which translates to 0.95 to 1.05 per unit (pu) voltage. Distribution utilities
rely primarily on traditional voltage regulation equipment such as load tap
changer (LTC), mid-line voltage regulators, and capacitors for voltage reg-
ulation. These devices are installed on the primary-side of the distribution
circuit to perform voltage regulation by regulator tap changes and capacitor
switching operations. However, the shortcomings of these equipment such as
their sparse locations on the primary, limited number of operations per day
2
due to their mechanical nature, and lack of direct control over secondary side
voltages are significantly limiting their voltage regulation performance, espe-
cially when the voltage dynamics are introduced by the high penetration levels
of DER. Furthermore, the advanced metering infrastructure (AMI) data in-
dicates that the voltage drop across service transformers, typically assumed
as minimal, can be of significant portion of the ANSI band depending on the
loading condition [4]. Thus, despite the primary-side voltages as seen by the
controllers of the voltage regulators and capacitor banks are well within limits,
the secondary side network voltages may fall outside the ANSI limits.
The limitations of traditional voltage regulation practices have led to
the emergence of many advanced voltage control technologies connected at the
grid-edge [5]. Grid-edge refers to the secondary side of the distribution circuit.
Universal power flow controller [6] and static var compensator [7] are the ex-
amples of such technologies commercially available today. These technologies
can be collectively referred to as edge-of-grid voltage control devices.
In Fig. 1.1, the primary and secondary distribution circuits along with
various traditional and grid-edge voltage control equipment available for volt-
age regulation are depicted. Primary distribution circuit refers to the medium-
voltage distribution network with voltages ranging from 600 V up to 35 kV [8].
Service transformers step down the primary distribution voltage to service
voltage level (commonly 120/240 V) in the low-voltage secondary circuit [8].
The customer loads are connected to the secondary network through service
lines. The low-voltage distribution network after the secondary of the service
3
transformer is a secondary circuit. It can also be referred to as grid-edge as it
is closest to the end-use customers of the electric power. The means for the
grid-edge voltage control considered in this work are edge-of-grid devices, i.e.,
UPFC, SVC devices, and the PV smart inverters.
Substation 
transformer with LTC


















Figure 1.1: Voltage regulation equipment in a distribution circuit.
The amount of PV a distribution feeder can accommodate without vi-
olating the nominal system operating conditions is the feeder’s PV hosting
capacity or feeder’s PV accommodation limit [9]. In case of ESS integration,
it can be referred to as ESS accommodation limit of the circuit. Approaches
for determination of a feeder’s PV accommodation limits with system pro-
tection related issues as impact criteria using circuit simulations are reported
in [10,11]. In recent years, there are several changes to the regulations for grid
interconnection of distributed generation (DG). While previous regulations
mandated disconnection of DG during abnormal system conditions, many new
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regulations require the DG to remain connected during the faults, referred to
as ‘low voltage ride through’ (LVRT) or ‘fault ride through’ (FRT). Similar
to DG, as part of grid support functions, the ESS also offers LVRT function-
ality [12]. Since protection studies are performed considering the worst case
situation, it is reasonable to consider that the large-scale PV and ESS remain
connected in the system during the fault conditions and assess the impact of
their steady state current injection into the distribution network [11]. With
the growing concerns to integrate higher amounts of PV into distribution sys-
tems along with possible adverse impact mitigating measures such as installing
ESS, suitable methods are required for estimating the sizes of large-scale PV
and ESS a feeder can accommodate without creating protection problems.
1.2 Objective
The objective of the research presented in this dissertation is to develop
methods and algorithms to improve the voltage regulation at the grid-edge
and enhance the system protection to help system planners to operate grids
efficiently and reliably. It is described in further detail as below:
1.2.1 Voltage Regulation through Grid-Edge Voltage Control
The research objective focuses on investigating the feeder level benefits
of grid-edge voltage control via low-voltage reactive power control devices and
PV smart inverters. As these devices are relatively new, software models emu-
lating their functionality for some of the devices are not available. The device
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models are developed and their operational characteristics are studied. The
approaches for deployment of the edge-of-grid devices in real-world distribution
circuits to accomplish various objectives are proposed and their effectiveness is
validated through circuit simulations. Specifically, the objectives investigated
are voltage regulation, voltage smoothing, minimizing energy losses, and in-
creasing PV hosting capacity of distribution circuits. The existing literature
lacks in providing inputs on selecting the locations for deployment of edge-of-
grid devices that provide dynamic reactive power injection using local voltage
measurements. Various algorithms are proposed to determine the effective lo-
cations for installing these devices in large-scale distribution networks. The
PV smart inverters also provide a control handle to improve voltage regulation
in distribution circuits. As the PV smart inverters are very versatile, numer-
ous control settings are possible to implement on a PV smart inverter and the
determination of appropriate control settings is a complex process. The goal
in this work is to simplify of PV smart inverter control setting tuning process
to achieve both voltage regulation and voltage smoothing. Furthermore, an
edge-of-grid device namely low-voltage distribution static compensator (LV-
DSTATCOM) is proposed to increase the PV penetration levels in distribution
circuits. The proposed device functions similar to the other edge-of-grid de-
vices available in the market but has the ability to absorb reactive power to
limit the rising bus voltages due to high levels of PV generation.
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1.2.2 Feeder Accommodation Limits based on Protection Criteria
The research objective focuses on development of a simplified process
for estimating the PV and ESS accommodation limits of distribution feeders
with protection issues as impact criteria. Before integrating DER such as PV
or ESS, system studies need to be performed to assess associated impacts on
the existing overcurrent protection schemes [13]. The impact is highly depen-
dent on the type of DG being integrated. Influence of rotating machine-based
DG (RBDG) such as synchronous machine-based DG and induction machine-
based DG on feeder overcurrent protection schemes is reported in [14,15]. As
opposed to the RBDG, inverter-interfaced distributed generation (IIDG) such
as PV systems do not make much fault current contribution. While the fault
current contribution of PV systems can vary from 1.1 to 2.5 times the inverter
rated current depending on the type of inverter, the rule of thumb in the indus-
try for system studies is 2 times the inverter rated current [16, 17]. Such low
PV fault currents may not interfere with the overcurrent protection schemes in
case of small-scale PV systems with low penetration level. However, large-scale
PV installations can inject high fault currents into the system and can lead to
protection problems [18, 19]. The existing simulation-based approaches pose
scalability challenges in terms of power flow solution convergence, complexity
of analysis and visualization of results considering large number of protection
devices in the circuit, huge time requirement to study all possible combinations
of PV sizes, and fault locations [11]. Thus, the work aims at development of a
scalable analysis-based method to conservatively estimate large-scale PV and
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ESS accommodation limits of a distribution feeder without causing protection
issues while providing the insights into parameters influencing these issues.
1.3 Research Approach and Contributions
The specific research approaches taken to address the above objectives
are organized into three areas. The first and second approaches address the
objective of grid-edge voltage control to achieve feeder level benefits and the
third approach addresses the objective of estimation of feeder PV/ESS hosting
capacity analytically using fault analysis. Each approach and the associated
contributions are described below.
1.3.1 Grid-Edge Voltage Control using Distributed Reactive Power
Injections
Voltage regulation in distribution circuits through primary side control
assets such as LTC, voltage regulators, and fixed/switched capacitor banks do
not provide fine and precise control over the load voltages. Considering the
load connectivity on the low-voltage secondary circuit, grid-edge voltage con-
trol technologies installed on the secondary circuit to offer direct and precise
load voltage control have emerged lately. Some of these devices, referred to
as low-voltage static var compensators (LV-SVCs) dynamically inject reactive
power into the distribution system based on their terminal voltage and a volt-
age setpoint by switching in required number of capacitor stages. They cannot
absorb the reactive power. A comprehensive review of edge-of-grid devices is
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provided in [5]. With the availability of edge-of-grid devices, the distribution
utilities face a new challenge in determining the required number of edge-of-
grid devices and optimal locations to install them. An iterative placement al-
gorithm based on undervoltage area criterion is proposed [20] to select effective
locations to install the LV-SVCs operating on local voltage-based autonomous
controllers with voltage regulation as the primary objective.
The reactive power supply from the edge-of-grid devices can improve
the power factor, thereby reducing the active power losses. Additionally, the
voltage control through these devices can help lower the switching operation
of traditional primary voltage regulation equipment to improve their service
life. Considering these abilities, a multi-objective optimization approach is
proposed in [21] to determine the LV-SVC locations to minimize the energy
losses and switching operations of the traditional voltage regulation equipment.
The edge-of-grid voltage control technologies offer two-way communi-
cation capabilities [22, 23] for data exchange and receiving control commands
from a central location which is typically the substation. Such communication
capabilities, in the presence of load data availability with advanced metering
infrastructure (AMI) [24–26], can be utilized to apply a centralized control to
adjust the reactive power outputs of LV-SVCs in real-time to optimize the per-
formance the distribution network. Therefore, a two-stage optimization frame-
work is proposed in [27] for placement and real-time control of the LV-SVCs
to minimize the active power losses while maintaining voltage regulation. The
number, locations, and the optimal real-time reactive power injections from
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the LV-SVCs are determined from three-phase unbalanced AC optimal power
flow (ACOPF) results. The ACOPF is formulated as a multi-objective opti-
mization with operating constraints written in rectangular coordinates. The
resulting nonlinear nonconvex problem is solved using the predictor-corrector
primal-dual interior point method (PCPDIPM).
The key contributions of the research carried out in this area are the
demonstration of the effectiveness of edge-of-grid devices in voltage regulation
[28] and development of algorithms for optimal placement and control [5, 20,
21, 27] of these technologies to improve voltage regulation, lower switching
operations, and minimize energy losses in the utility distribution circuits.
1.3.2 Grid-Edge Voltage Control using Dynamic Reactive Power
Absorption
The PV smart inverters form another control handle at the grid-edge to
regulate the system voltages. Unlike the LV-SVCs which can only inject but
not absorb the reactive power, the PV smart inverters can do both dynami-
cally. As the present standards permit active voltage regulation by PV smart
inverters [29], it is necessary to utilize them for this purpose. However, the de-
termination of appropriate PV smart inverter settings is a complex process as
numerous settings are possible to implement on a smart inverter and the feeder
response to a given setting depends upon a wide variety of parameters such
as the feeder characteristics, loading condition, PV size, and PV location [30].
As part of the work in this research area, a procedure to tune the PV smart
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inverter settings by grouping the PVs in the feeder neighborhoods experienc-
ing undervoltages is proposed in [31] for voltage regulation. The performance
of the tuned PV smart inverter settings is compared to that of the settings
recommended in literature [30, 32] using voltage range and voltage variability
indexes. The results show that, implementation of the tuned settings using the
proposed method is very effective to mitigate steady-stage voltage variations
and voltage fluctuations due to variable power injections of PV.
Voltage rise is one of the major concerns limiting the photovoltaic (PV)
hosting capacity or the maximum amount of PV generation that a distribu-
tion circuit can accommodate. Motivated by the applications of edge-of-grid
devices, another device referred to as low-voltage distribution static compen-
sator (LV-DSTATCOM) is proposed in this work [33] to increase the PV host-
ing capacity of distribution circuits by mitigating the voltage rise. The LV-
DSTATCOM is a shunt-connected device that can inject or absorb reactive
power as needed to regulate the voltage at its terminals. The controlled reac-
tive power absorption can help in reducing the overvoltages on the secondary-
wire due to high levels of PV generation. Although the PV smart inverters can
also help regulate the secondary circuit voltages through reactive power con-
trol, the utility typically does not have control over the PV locations and the
PV reactive power output is limited by its active power generation. The study
results show that, installation of a few LV-DSTATCOMs at suitable locations
can significantly increase the PV hosting capacity of distribution circuits.
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1.3.3 Estimation of Feeder PV/ESS Hosting Capacity based on
Protection Criteria
The integration of high levels of DER such as PV and ESS can create
protection issues due to their fault current contributions. As such, detailed
protection studies need to be performed before integrating the DER. The pro-
tection studies require development of detailed distribution system models
using distribution system simulation tools [34]. Then the developed model
is validated by comparing power flow results with actual field measurements.
Once the validated model is available, simulation studies are performed to as-
sess the impact of DER integration on protection schemes with large number
of scenarios. However, this process requires considerable time and effort [35].
Furthermore, the existing simulation-based approaches pose scalability chal-
lenges in terms of power flow solution convergence, complexity of analysis
and visualization of results considering large number of protection devices in
the circuit, huge time requirement to study all possible combinations of DER
sizes, and fault locations [11]. In this work [36], a scalable analysis-based
method to conservatively estimate large-scale PV and ESS accommodation
limits of a distribution feeder without causing relay insensitivity and sympa-
thetic tripping problems is proposed. The proposed approach simplifies the
estimation process with reasonable approximations under conservative settings
while providing the insights into the parameters influencing these protection
issues. Thus, detailed protection studies are not needed when the PV and ESS
penetration levels are below the limits determined by the proposed approach.
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Chapter 2
Grid-Edge Voltage Control in Utility
Distribution Circuits
The edge-of-grid voltage control technologies augment the traditional
primary side voltage controls in improving the voltage regulation in distribu-
tion circuits. As some of these devices are under deployment in the field, the
utilities face the challenge of selecting the effective locations to install them in
the distribution circuits. Several methods have been reported in literature to
determine the effective locations to deploy traditional voltage regulation equip-
ment such as capacitor banks on the primary system [37–39]. However, such
techniques are not suitable for selecting the effective locations for the edge-
of-grid voltage control devices in large distribution circuits as the operational
characteristics of these devices are very different compared to the traditional
voltage regulation equipment. 1In this chapter, the specifications, character-
istics, and modeling of two edge-of-grid devices namely universal power flow
1Parts of this chapter appear in the published paper, ‘H. V. Padullaparti, P. Chi-
rapongsananurak, and S. Santoso,“Edge-of-Grid Voltage Control: Device Modeling, Strate-
gic Placement, and Application Considerations,” IEEE Power and Energy Technology Sys-
tems Journal, vol. 4, no. 4, pp. 106-114, Dec. 2017’ and the accepted book chapter,
‘H. V. Padullaparti, P. Chirapongsananurak, and S. Santoso, “Grid-Edge Voltage Control
in Utility Distribution Circuits,” Advanced Power Engineering, CRC Press’. The author of
this dissertation contributed sections I through V in the paper and all the sections except
IV in the book chapter as first author.
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controller (UPFC) and static var compensator (SVC) are discussed in detail.
Then an iterative placement algorithm based on undervoltage area criterion is
proposed to determine the effective locations to install these devices to remove
low voltage violations in an actual distribution circuit model of a utility.
2.1 Edge-of-Grid Voltage Control Device Specifications,
Modeling, and Characteristics
The specifications, modeling, and voltage regulation characteristics of
UPFC and SVC are discussed in this section.
2.1.1 UPFC Device Specifications
The universal power flow controller (UPFC) is a 50 kvar single-phase
multi-function device that can provide voltage regulation and reactive power
compensation [40, 41]. The device specifications are given in Table 2.1. The
UPFC is designed to install on a service transformer secondary at 240 V voltage
level. The structure of the UPFC is shown in Fig. 2.1. It has a series voltage
injection transformer and a shunt current source. With this structure, the
UPFC can be configured to operate in any of the three functional modes
namely voltage regulation (mode 1), power factor correction (mode 2), and
combined mode (mode 3) in which it can perform both voltage regulation and
power factor correction simultaneously. In mode 1, the UPFC can boost or
lower the voltage at its output up to 10% of its voltage rating, i.e., ±24 V
with respect to its input node to maintain the output voltage at the voltage
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setpoint. This study focuses on the UPFC operation in voltage regulation
mode only.
Table 2.1: Specifications of UPFC
Specification Details
Rating Single-phase, 60 Hz, 50 kVA
Load voltage regulation range ±10% with 0.5% accuracy
VAR compensation range 10% of rating (leading or lagging), i.e.,
up to 5 kvar
Operation modes
Mode 1: Voltage regulation
Mode 2: Power factor correction










Figure 2.1: Structure of UPFC.
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2.1.2 UPFC Modeling in OpenDSS
The steady state UPFC model available in OpenDSS is utilized for em-
ulating the commercially available UPFC device in this study [42]. The math-
ematical model of the UPFC consistent with the formulation of the power flow
problem in OpenDSS is shown in Fig. 2.2 [43]. The Thevenin equivalent of the
series voltage source of UPFC is represented by the series impedance Xs and
shunt current source Is, where Xs is the impedance of the series transformer
of the UPFC. The value of the current source Is is given by [42]:
Is =
Vdiff − (Vout − Vin)
jXs
+ Is[z − 1] (2.1)
where Vdiff is calculated as follows:
Vdiff = (Vref − |Vin|)ejθvin (2.2)
where Is[z − 1] is a shift register containing the value of the current source
Is calculated in the previous power flow solution iteration. Equations (2.1)
and (2.2) are used to calculate the value of the current source iteratively until
power flow convergence is reached. When the convergence is reached, the value





Equation (2.3) allows to balance the power at input and output sides of
the UPFC. The UPFC converts active power into reactive power to maintain
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the output voltage at reference voltage setting. As a result, (2.3) can be
reformulated as:
Ic = −(real(Ic)× Losses + imag(Is)) (2.4)








Figure 2.2: Mathematical model of UPFC.
2.1.3 Voltage Regulation Characteristics of UPFC
The voltage regulation characteristics of UPFC are studied by simulat-
ing a simple circuit shown in Fig. 2.3. The circuit has an ideal voltage source
of 7.2 kV and a single-phase 7.2 kV/0.24 kV, 50 kVA service transformer. A
load rated 15 kVA with 0.9 power factor lagging is connected to the service
transformer secondary through a 100 ft service wire. An UPFC is connected
to the service transformer secondary.
The UPFC is configured to regulate the output voltage at 1 pu in











Figure 2.3: Study of UPFC characteristics using simple circuit.
load voltage without and with the UPFC device in service is plotted as shown
in Fig. 2.4(a). It can be observed that when the UPFC is in service, the
load voltage is regulated close to 1 pu throughout UPFC input voltage range
from 0.9 pu to 1.1 pu. The UPFC injects voltage in series up to ±24 V to
regulate the output voltage (Vout) to the specified value (Vsp). Note that the
load voltage is slightly less than 1 pu due to the voltage drop in the service
line. The series voltage injection by the UPFC (Vinj = Vout−Vin) as the input
voltage is deviating from the specified voltage is depicted in Fig. 2.4(b). The
UPFC injects positive voltage in series when the specified voltage Vsp is higher
than the input voltage to regulate Vout = Vsp and vice versa.
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Voltage injected by UPFC
The load voltage is 




Figure 2.4: UPFC voltage regulation characteristics (a) Load voltage regula-
tion (b) Voltage injection by UPFC.
2.1.4 SVC Device Specifications and Modeling in OpenDSS
The SVC is a single-phase shunt-connected device rated for 17.5 kvar.
This device is designed to be installed on the secondary side of a distribution
service transformer [7]. The structure of SVC is shown in Fig. 2.5. It consists
of 4 capacitor units each supplying 4.375 kvar leading reactive power at 240 V.
The SVCs provide required voltage boost at the installed location by bringing
the required number of capacitor units into service. The specifications of SVC
are given in Table 2.2. In this study, the SVC is modeled as a 4 stage single-
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phase capacitor bank of rating 17.5 kvar in OpenDSS with switch on setting
equal to the specified voltage Vsp and switch off setting 3 V above Vsp.
Table 2.2: Specifications of SVC
Specification Details
Rating Single-phase, 60 Hz, 17.5 kvar
Capacitor stages 4 capacitor stages each rated for 4.375
kvar at 240 V
Voltage boost characteristic
Low threshold to switch in the capacitor
stages;
Start switching out the capacitor stages
when terminal voltage is above 3 V of
target voltage
Figure 2.5: Structure of SVC.
2.1.5 Voltage Regulation Characteristics of SVC
The SVC voltage regulation characteristics are studied by simulating
the SVC connected in shunt instead of UPFC in the same simple circuit shown
in Fig. 2.6. The device characteristics as the service transformer secondary
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voltage Vsec (SVC terminal voltage) decreases are shown in Fig. 2.7. It can
be observed that as the Vsec svc is above the specified voltage of 1.0 pu (240
V), none of the capacitor stages are in service. As a result, both Vsec svc and
Vsec nosvc align with each other. As the Vsec svc voltage decreases below the
specified voltage Vsp = 1 pu (240 V), the capacitor stages are switched in to
maintain the voltage at Vsp. The voltage boost provided by the SVC is also














Figure 2.6: Study of SVC characteristics using simple circuit.
When the SVC terminal voltage is increasing, similar plot can be ob-
tained as shown in to show that the capacitor stages switch off sequentially as
the SVC terminal voltage goes above the upper threshold voltage of 1.0125 V
(243 V) marked with the blue dashed line.
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Figure 2.7: SVC voltage regulation characteristics when SVC terminal voltage
decreases.
Figure 2.8: SVC voltage regulation characteristics when SVC terminal voltage
increases.
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2.2 Strategic Placement of Edge-of-grid Low-voltage De-
vices
In this section, the proposed iterative placement strategy for deploy-
ment of edge-of-grid voltage control devices in a real-world distribution circuit
is discussed. The proposed method computes the undervoltage areas of load
voltages from the peak day quasi-static time series (QSTS) simulation results
to identify the effective locations for installation of the devices. Detailed distri-
bution circuit model of a utility is used to study the proposed device placement
method. The one-line diagram of the circuit used for this study is shown in
Fig. 2.9. In this figure, the distribution line colors are contoured in accor-
dance with their distances from the substation. This circuit has a 69/12.47
kV, 10.5 MVA substation transformer equipped with a load tap changer (LTC)
control. Three single-phase mid-line voltage regulators are installed on each
phase for voltage regulation. Additionally, there are seven switched capacitors
installed along the feeder to provide both voltage regulation and power factor
correction. The locations of this traditional voltage regulation equipment are









Figure 2.9: One-line diagram of the distribution circuit used in this study.
Three potential criteria, as illustrated in Fig. 2.10, can be considered for
the device placement in response to undervoltages: lowest minimum voltage
magnitude, longest undervoltage duration, and largest undervoltage area. As
shown in this figure, the undervoltage area is simply the area bounded by
the voltage profile curve and the voltage threshold line. The undervoltage
area criterion provides a more robust indicator for siting a set of advanced
voltage control technologies to mitigate long duration voltage deviations [44]
and therefore it is used in this work for the device deployment.
An iterative placement method is proposed to deploy a set of 1 UPFC
and 15 SVC devices in the distribution circuit. In the iterative placement
method, QSTS for the peak load day is performed in each iteration and one







Figure 2.10: Illustration of potential device placement criteria.
having the highest undervoltage area. If the service transformer identified in
this way has already a device installed, adjacent service transformer is selected
for the device placement. The steps for the iterative placement are shown in
Fig. 2.11.
Due to the practical space constraints in the field, only one device is
allowed to install per service transformer secondary (per pole). Furthermore,
because the UPFC is a series device only the service transformers with sizes
equal to or below the device rating (50 kVA) are considered as candidates
for installing UPFC to avoid overloading of the UPFC. Additionally, as the
SVC devices are shunt-connected, the service transformers with size 20 kVA
or above are the candidate locations to avoid overloading of the service trans-
former. These constraints are also considered in the device deployment.
For comparison, the scenario with all the traditional voltage regulation
equipment is in service and the edge-of-grid voltage control devices (UPFC
and SVCs) are out of service is considered as the base case scenario. The load
demand profile observed at the substation on the summer peak day is shown in
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Perform summer peak day QSTS simulation without 
advanced voltage control devices (base case)
Perform summer peak day QSTS simulation with 
advanced voltage control devices







rating       kVA 
& UPFCs are 
available
Install UPFC Install SVC
Determine the load having highest undervoltage area 
and corresponding service transformer
NoYes
Figure 2.11: Steps for iterative placement method.
26
Fig. 2.12. A maximum demand of 5.55 MW is observed on the peak day. From
the peak day QSTS simulation results of the base case, carried out at 1 min
resolution, it is identified that there are 129 loads that experience undervoltage
violations on that day. Heat map showing each service point’s undervoltage
area is shown in Fig. 2.13. In this map, each service point is represented by
a single dot whose color represents the specific value of the respective metric
computed based on the 24-hour simulation results. The map shows that the
loads with undervoltages are distributed in three clusters (clusters 1, 2, 3).
Loads in clusters 1 and 2 (marked with red circles) are on phase A, while the
loads in cluster 3 (marked with a blue circle) are on phase C. Note that these
three clusters are located farthest from the substation (see Fig. 2.9).





Figure 2.13: Heat map of the undervoltage area at each load and undervoltage
clusters in the base case.
The feeder voltage profile obtained from the peak load snapshot sim-
ulation without and with the edge-of-grid voltage control devices is shown in
Fig. 2.14. It is observed that the loads on the phases A and C experience un-
dervoltage violations in the base case scenario. Nevertheless, after placing the
edge-of-grid voltage control devices using the iterative placement approach,




Figure 2.14: Feeder voltage profile at peak load (a) Base case (b) After de-
ploying UPFC and SVC devices.
To further study the voltage violations, QSTS simulation of the circuit
is performed for a period of 24 hours with 1 min resolution for the peak
29
day. The QSTS simulation results after deploying the devices are shown in
Fig. 2.15. For ease of visualizing all the load voltages at each time step,
statistical summary of load voltages is shown in Fig. 2.15. In this figure, the
upper plot depicts all the load voltages during the peak day. To generate
these results, initially all the load voltages are obtained at each time step.
Then a probability density function (PDF) is applied to the histogram of the
load voltages. The ‘kernel’ distribution is assumed for the load voltages as it
better fits the histogram of the load voltages. This process is repeated for all
the time steps and a contour plot is generated for the load voltages as shown
in Fig. 2.15. For each time step, the contour’s color signifies the number
of customer voltages experiencing a particular voltage magnitude. From the
peak day QSTS results, it is observed that the undervoltage violations in the
circuit are eliminated. Furthermore, the total reactive power support from the
capacitor banks and the SVC devices are shown in the lower part of Fig. 2.15.
From this figure, it is observed that during the period from 14 hours to 23
hours on the peak day, the SVC devices are providing an additional reactive
power support close to 260 kvar which is the total kvar rating of 15 SVC
devices. This shows that, with the proposed iterative placement approach,
all the 15 SVC devices will be fully utilized in eliminating the undervoltage
violations.
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Undervoltage violations are eliminated
Figure 2.15: Peak day QSTS results after device deployment using iterative
placement method.
2.3 Summary
In this work, the modeling and voltage regulation characteristics of two
edge-of-grid voltage control technologies are discussed. An iterative placement
approach based on undervoltage area criterion is proposed to determine the
effective locations to install these devices in real-world distribution circuits
for voltage regulation. In this approach, quasi-static time-series simulation
(QSTS) is performed using the load profile information on the peak day to
determine the loads experiencing the low voltages. An edge-of-grid device is
placed at the service transformer secondary experiencing the highest under-
voltage area in the first iteration. In the next iteration, the peak day QSTS
is performed again with the edge-of-grid device in service. This process is re-
peated by placing one device in each iteration while keeping the devices placed
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in the preceding iterations in service, until there are no low voltage violations
in the circuit. The study results show that the proposed approach is efficient




Optimal Placement of Low-Voltage SVCs in
Distribution Circuits
The edge-of-grid voltage control devices, in particular, the static var
compensators (SVCs) inject reactive power into the distribution circuit by
switching in required number of capacitor stages. The reactive power support
provided by a set of these devices can alter the power flow in the circuit. 1This
chapter focuses on determining the optimal locations for SVCs in distribution
circuits. In general, the SVCs act as additional reactive power sources that
can improve the power factor and help lower the active power losses. Al-
though, several methods have been reported in literature to deploy traditional
voltage regulation equipment on the primary distribution circuit [37–39, 45],
analysis for optimal allocation of edge-of-grid low-voltage devices considering
the secondary circuit is lacking. The iterative placement method presented
in Chapter 2 is an effective approach in eliminating the undervoltage viola-
tions. However, it does not take into account important parameters such as
1Parts of this chapter appear in the published paper, ‘H. V. Padullaparti, Min Lwin,
and S. Santoso, “Optimal Placement of Edge-of-Grid Low-voltage SVCs in Real-world Dis-
tribution Circuits,” IEEE Workshop on Power Electronics and Power Quality Applications,
Bogota, 2017, pp. 1-6’. The author of this dissertation contributed all the sections in this
paper as first author.
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traditional voltage regulation device switching operations and active power
losses in determining the effective locations. It is important to consider these
parameters also [46] in the SVC placement as the SVCs, with their voltage
regulation capability and potential for reactive power compensation, can help
minimize the number of traditional voltage regulation equipment operations
and circuit losses as well.
In this chapter, the SVC placement problem is formulated as a multi-
objective optimization problem to minimize undervoltage violations, number
of SVCs, traditional voltage regulation equipment switching operations, and
circuit losses. The optimization problem is then solved using the binary par-
ticle swarm optimization (BPSO) algorithm.
3.1 Distribution Circuit Details
The detailed distribution circuit model and the load profile information
used for this study are same as that used in Chapter 2. The one-line diagram
of the circuit, generated using GridPV tool [47], is shown in Fig. 3.1. This
circuit has a 69/12.47 kV, 10.5 MVA substation transformer equipped with a
load tap changer (LTC) control. Three single-phase mid-line voltage regulators
are installed on each phase for voltage regulation. Additionally, there are
seven switched capacitors installed along the feeder to provide both voltage
regulation and power factor correction. The locations of these traditional
voltage regulation equipment are marked in the one-line diagram in Fig. 3.1.
The scenario with all the traditional voltage equipment are in service
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and SVCs are out of service is considered as the base case scenario. From the
peak day QSTS simulation results of the base case, it is identified that there
are 129 loads that experience undervoltage violations on that day. Out of
the 129 locations, 109 locations have corresponding service transformers with
ratings ≥ 20 kVA. Note that as the SVCs are rated for 17.5 kvar, only the
service transformers with ratings ≥ 20 kVA are suitable locations to install
the SVCs. These 109 locations are segregated into 3 clusters highlighted by
the red circles in Fig. 3.1. From the study reported in [44], it is found that the
service transformers corresponding to loads having highest undervoltage area
are good candidate locations for installing SVCs. The concept of undervoltage
area is also discussed in [44]. There are 36 loads having undervoltage area
higher than 1 pu-minute during the peak day. The corresponding service
transformer secondaries are selected as candidate locations for installing SVCs
which are marked by cyan asterisks in Fig. 3.1. The goal is to determine
optimal SVC locations among these 36 candidate locations. Furthermore, due
to the limitation of space on the service transformer poles in the field, only






Figure 3.1: One-line diagram of the distribution circuit.
The feeder voltage profile at the peak load snapshot simulation along
with the capacitor locations is shown in Fig. 5.2. It can be observed that many
loads on phases A and C experience undervoltage violations, i.e., voltages lower
than 0.95 pu at the peak load.
3.2 Optimal SVC Locations using Binary Particle Swarm
Optimization (BPSO)
3.2.1 Binary Particle Swarm Optimization (BPSO)
The PSO is a population based search algorithm originally developed by
Kennedy and Eberhart [48]. There are two original versions of this algorithm.
One version introduced in 1995 [48] works on the real-valued space and deals
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Figure 3.2: Feeder voltage profile at peak load.
with continuous variables. The other version namely BPSO, introduced in
1997 [49], was designed for solving binary problems wherein the decision vector
is a bitstring consisting of 0s and 1s. In this work, determination of optimal
SVC locations is formulated as a binary optimization problem and the BPSO
is used as an optimizer.
A detailed description of the BPSO algorithm can be found in [49]. The
steps involved in the functioning of BPSO are briefly described below:
1. Randomly initialize a population of particles in D-dimensional space
in the first iteration. The number of decision variables determines the size





id). Each particle is a potential solution to the binary opti-
mization problem.
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2. The objective function value fobj for each particle is computed in
each iteration k and stored in the vector fk. The relative merits of particles are
determined by their corresponding fobj value. The individual particle’s best
position in each iteration k and the overall best position of all the particles up
to k iterations are saved as pbk and gbk, respectively.





id − xkid) + c2r2(gbkid − xkid) (3.1)






id) represents the velocity of particles in k
th iteration.
Additionally, c1, c2 are positive constants and r1, r2 are random numbers, uni-
formly distributed between 0 and 1. The inertia weight parameter ω adjusts
the velocity of the particles and creates a balanced local and global search.
The pbid and gbid are integers in {0, 1}. The vid, being a probability, is to be
constrained to the interval [0.0, 1.0].
4. Sigmoid limiting transformation sigmoid(vk+1id ) defined as (3.2) is
used to restrict vk+1id to the interval [0.0, 1.0]. Then the new particle position









1 if sigmoid(vk+1id ) > rand()
0 otherwise
(3.3)
where rand() is a quasi-random number selected from a uniform distribution
in [0.0, 1.0].
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5. The global best particle position obtained after a preset number of
iterations is the optimal solution.
3.2.2 Problem Formulation
In this work, the determination of optimal SVC locations is formulated
as a multi-objective optimization problem with the objective function defined
in (3.4). Then the binary optimization problem is solved using the BPSO
algorithm discussed in Section 3.2.1. In the BPSO, the length of each particle
is equal to the number of candidate locations to install SVCs. Each bit in the
particle represents the decision to install SVC or not at a candidate location
with ‘1’ representing installing an SVC at that location and ‘0’ representing
not installing an SVC. As the BPSO algorithm runs, for each set of SVC
locations, a peak day QSTS simulation is run with the SVCs deployed at
those locations. The objective function value fobj is computed from the QSTS
simulation results.
fobj = Wuv × Σ Undervoltage area +Wsvc × No. of SVCs
+Wdo ×Device operations +Wl × Losses + Penalty
(3.4)
There are five terms in the objective function. The first term represents
the sum of undervoltage areas in the circuit for a given deployment of SVCs
multiplied by a weight Wuv. The second term is the number of SVCs deployed
scaled by weight Wsvc. The product of the weight Wdo and the number of
traditional voltage regulation device operations, i.e., the sum of regulator tap
changes and capacitor on/off status changes obtained from the peak day QSTS
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simulation are represented by the third term. The average energy losses per
hour in kWh during the peak day multiplied by weight Wl is represented by
the fourth term. A penalty can be added to the objective function when
the number of SVCs exceeds a preset value. This is useful if the number of
SVCs is to be restricted to some value. Minimizing the objective function (3.4)
means determining minimum number of SVC locations that result in minimum
undervoltage violations while keeping the traditional voltage regulation device
operations and circuit losses as low as possible with the deployment of SVCs.
The weights are useful in setting the relative importance of each term as well
as to scale their magnitudes appropriately with respect to each other.
3.2.3 Results and Discussion
The parameters used for BPSO are given in Table 3.1. The selected
BPSO weighing factors are checked for few BPSO runs and found to be working
satisfactorily. The global best objective function value as the BPSO iterations
progress, shown in Fig. 3.3, indicates that the minimum objective function
value is reached at iteration 31. The weights in the objective function are
chosen based on their relative importance and the magnitude of the terms
obtained from the QSTS simulation results as described in Section 3.2.2. These
weights are chosen to ensure the terms in the objective do not dominate each
other for reasonable potential solutions.
The optimal SVC locations determined by BPSO for the selected ob-
jective function are marked by red asterisks in Fig. 3.4. It is observed that
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Table 3.1: BPSO parameters
Parameter Value
No. of particles 40
No. of iterations 50
BPSO weighing factors c1 = 0.5, c2 = 1.25, and ω varies linearly from 0.9 to 0.4
Objective function weights Wuv = 2,Wsvc = 1,Wdo = 1,Wl = 0.001
Penalty A penalty of 50 is added if No. of SVCs > 15





































Figure 3.3: Global best objective function value against iterations.
required number of SVCs are placed in each cluster at appropriate locations
to mitigate the undervoltage violations. There are five SVCs placed in clus-
ter 1, four in cluster 2, and three in the cluster 3. The voltage profile at
peak load snapshot after deploying the 12 SVCs, depicted in Fig. 3.5, shows
that the undervoltage violations are almost eliminated with the optimal place-
ment of the SVCs. However, one load experiences undervoltage of magnitude
0.9452 pu at the peak load snapshot (encircled in Fig. 3.5) which is not sig-
nificant. Compared to the base case voltage profile shown in Fig. 5.2, there
is a significant improvement in the voltage profile after the deployment of 12
41
SVCs at the optimal locations. It is observed that an SVC is already installed
at the corresponding service transformer secondary of the load experiencing
the undervoltage violation. The peak day QSTS simulation results with the
SVCs deployed further confirmed that it is the only load that experiences un-
dervoltage resulting in an undervoltage area of 0.0684 pu-m. The summary
of peak day QSTS simulation results after deploying the 12 SVCs is shown
in Table 4.2. The results show that the deployment of SVCs result in neg-
ligible total undervoltage area, reduced traditional voltage regulation device
operations, lower energy losses and improved minimum voltage level during
the peak day compared to the base case scenario.
Figure 3.4: Optimal SVC locations in the distribution circuit.
The total reactive power support from capacitor banks in the base case
scenario and from capacitors as well as SVCs after optimal deployment of the
SVCs are shown in Fig. 3.6. From Fig. 3.6b, it is observed that during the
period from 14 hours to 23 hours on the peak day, the SVCs are providing
42
an additional reactive power support is close to 210 kvar which is the sum
of the total kvar rating of 12 SVCs. This shows that, with the given opti-
mal placement of SVCs, all the 12 SVCs will be fully utilized in mitigating
the undervoltage violations while improving the other important parameters
considered in the objective function.
Table 3.2: Summary of peak day QSTS simulation results
Parameter Base case SVCs deployed
Σ Undervoltage area [pu-m] 106.53 0.0684
No. of SVCs 0 12
Device operations 16 10
Energy losses [kWh] 1082.4 1066.4
Minimum voltage [pu] 0.9320 0.9452
0.9452 pu
Figure 3.5: Feeder voltage profile at peak load with optimal SVC placement.
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Figure 3.6: Reactive power support during peak day (a) Base case (b) After
deployment of SVCs.
3.3 Summary
In this chapter, a new method to determine optimal locations to de-
ploy edge-of-grid low-voltage SVCs in large distribution circuits is proposed.
The goal is to mitigate undervoltage violations in the circuit using minimum
number of SVCs while improving the traditional voltage regulation device op-
erations and circuit losses. Undervoltage area criterion is used to limit the
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optimal solution search space and BPSO algorithm with QSTS simulations is
used as optimizer. The findings show that the proposed method is effective in
identifying the optimal locations for installation of SVCs in large distribution
circuits while meeting multiple desired objectives.
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Chapter 4
Optimal Placement and Real-Time Control of
LV-SVCs to Minimize Energy Losses
The volt/var optimization utilizing the edge-of-grid static var compen-
sators (SVCs) in distribution circuits using iterative placement and binary
particle swarm optimization (BPSO) is discussed in Chapters 2 and 3. While
the iterative placement algorithm considers undervoltage violations as the pri-
mary objective to identify the effective SVC locations, the multi-objective
optimization using the BPSO algorithm seeks to minimize the undervoltage
violations, traditional voltage regulation equipment switching operations, ac-
tive power losses by installing minimum number of SVCs. Both the algorithms,
however, consider the operation of the SVCs using local autonomous voltage-
based controllers, i.e., the reactive power output from the SVCs depends upon
their terminal voltage and voltage setpoint. Nevertheless, the edge-of-grid
devices offer two-way communication capabilities [22, 23] for data exchange
and receiving control commands from a central location which is typically the
substation. Such communication capabilities, in the presence of load data
availability with advanced metering infrastructure (AMI) [24–26], can be uti-
lized to apply a centralized control to adjust the reactive power outputs of
SVCs in real-time to optimize the performance the distribution network.
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In this chapter, a two-stage optimization framework is proposed for
placement and real-time control of low-voltage static var compensators (LV-
SVCs) in unbalanced distribution circuits to achieve feeder level benefits namely
loss minimization and voltage regulation. The LV-SVC considered in this work
is similar to the SVC discussed in Chapter 2. However, the rating of LV-SVC
is considered as 20 kvar with 20 capacitor stages of 1 kvar each. The loads
are modeled as constant power loads. The number, locations, and the optimal
real-time reactive power injections from the LV-SVCs are determined from
a proposed three-phase unbalanced AC optimal power flow (ACOPF). The
ACOPF is formulated as a multi-objective optimization with operating con-
straints written in rectangular coordinates. The resulting nonlinear noncon-
vex problem is solved using the predictor-corrector primal-dual interior point
method (PCPDIPM). The proposed approach is scalable for application to
large distribution circuits, treats the constraints of physical space limitations
effectively, and can takes advantage of communication capabilities of LV-SVCs
for centralized optimal control. The benefits of centralized control of LV-SVCs
as compared to their operation with local autonomous voltage-based controls
is demonstrated.
4.1 Distribution Circuit Details
The effectiveness of the proposed optimization framework for siting
and dispatch of LV-SVCs is demonstrated on a large-scale distribution circuit
namely Circuit 5. The details of this circuit are presented in this section.
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The one-line diagram of the Circuit 5, plotted using Sandia GridPV
tool [47], is shown in Fig. 4.1. This circuit has a 115/12.47 kV, 10 MVA
substation transformer with a peak load demand of 8.12 MVA. Four switched
capacitors are available in this circuit. The line voltage regulators are not
available. The circuit model includes low-voltage secondary system where
the loads are connected and are interfaced to the primary system through
service transformers. The source voltage is set to 1.035 pu and the switched
capacitors are disabled to create voltage violations in this circuit for this study.
In Fig. 4.1, the colors of the lines are in accordance with the corresponding line
voltage magnitude observed at the peak load. At the peak load, low voltages
are observed in the feeder neighborhoods FN1 and FN2. To simulate the daily
load variation, all the loads are set to vary according to the typical load profile
shown in Fig. 4.2.
FN1
FN2
Figure 4.1: One-line diagram of Circuit 5.
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Figure 4.2: Typical daily load profile.
4.2 LV-SVC Characteristics
The voltage regulation characteristics of low-voltage SVC (LV-SVC)
operating on local voltage-based controller are studied in this section. The
LV-SVCs are assumed to be rated for 20 kvar with 20 capacitor stages of 1
kvar each in this study. When switched in, each capacitor stage injects 1 kvar
into the circuit. The number of capacitor stages required to be switched in at
a given time step depends upon the LV-SVC terminal voltage and its voltage
setpoint at that time step. The LV-SVC characteristics can be plotted by
connecting an LV-SVC to the service transformer secondary node in a simple
circuit as discussed in Section 2.1.5. The resulting voltage regulation charac-
teristics of the LV-SVC is shown in Fig. 4.3. As the node voltage becomes
lower than the voltage setpoint of 0.95 pu, the LV-SVC injects the required
amount of reactive power up to 20 kvar to regulate the node voltage at 0.95
pu. The reactive power injection in 1 kvar stages can also be observed in the
second graph of Fig. 4.3.
49
Figure 4.3: Voltage regulation characteristics of an LV-SVC.
4.3 The Proposed Three-phase Unbalanced AC OPF
Formulation and Solution
This section proposes a generalized optimization formulation to de-
termine the optimal reactive power dispatch of capacitors. The formulation,
which is written in rectangular coordinates, includes a multi-objective function
and operational constraints that ensure the desired performance. The opti-
mization problem is solved using the Predictor-Corrector Primal-Dual Interior
Point method (PCPDIPM).
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4.3.1 State and Decision/Control Variables
The state variables x consist of the real part Vr and imaginary part Vi
of voltages in the rectangular coordinates at all nodes of N, which is defined
as a set of all nodes except those at the substation bus. The decision variables
u consist of the reactive power Qsvc generated by switched capacitors. The
decision vector is thus given as follows:
X = [xT |uT ] = [VrT ,ViT |QsvcT ]T . (4.1)
4.3.2 System-wide Optimization Objectives
• LV-SVC Installation Cost: The cost of installing the LV-SVCs is assumed






where α1 is the weight coefficient representing LV-SVC installation cost
while Nsvc is the set of all nodes connected to the switched capacitors.
• Loss Minimization: Within a time step, the total measured load is assumed
to be constant. Therefore, minimizing the system loss is equal to minimizing
the sum of active power supplied by the three-phase substation (P subabc ).
min f2(X) = α2
∑
k=a,b,c
P subk . (4.3)
where α2 is the cost associated with the energy loss.
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4.3.3 Operational Constraints
Power Balance Constraints The first constraint involves the active and
reactive power balance at every node k ∈ N:
gPk (X) = Pk + P
l
k = 0, (4.4a)
gQk (X) = Qk +Q
l
k −Qsvck = 0, (4.4b)
where P lk and Q
l
k are the load active power and load reactive power at node
k, respectively. The active and reactive power Pk and Qk injected into the
system from node k in (4.4) are given by:
Pk = Gk:(Vr,kVr + Vi,kVi) + Bk:(Vi,kVr − Vr,kVi), (4.5a)
Qk = Gk:(Vi,kVr − Vr,kVi)−Bk:(Vr,kVr + Vi,kVi), (4.5b)
where Vr,k and Vi,k are active and imaginary parts of the voltage at node k
while Gk: and Bk: are the conductance and susceptance vectors obtained from
the kth row of the admittance matrix.
Voltage Constraints
¯
V 2 ≤ (Vr,k)2 + (Vi,k)2 ≤ V̄
2
,∀k ∈ Nl, (4.6)
where
¯
V and V̄ are the lower and upper bounds of the load voltage and Nl is
the set of nodes connected to the loads.
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LV-SVC Constraints
Qsvck ∈ Ck,∀k ∈ Nsvc, (4.7)
where Ck is the set of discrete power values of the switched capacitor at node
k while Nsvc is the set of all nodes connected to the switched capacitors.
However, Qsvck in this paper is first treated as a continuous variable in the
conventional PCPDIPM. When the solution is about to converge, a quadratic
penalty function is added to the objective function to force the discrete vari-
ables converge to their discrete values [50]. Therefore, (4.7) can be rewritten
as follows:
0 ≤ Qsvck ≤ Q̄svck = max(Ck),∀k ∈ Nsvc. (4.8)
4.3.4 General Form of the OPF Formulation
Considering the objectives and all constraints described above, the OPF
formulation in unbalanced distribution systems is given in the following general
form:
min f(X) (4.9a)
s.t. g(X) = 0, (4.9b)
¯
h ≤ h(X) ≤ h̄, (4.9c)
¯
X ≤ ÎX ≤ X̄, (4.9d)
In the above formulation, g(X) in (4.9b) is constructed from the power balance
equations (4.4). The functional constraint of variables in (4.6) is represented by
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h(X) in (4.9c). In (4.9d), ÎX is a sub-vector of X that contains the variables
that are imposed by box constraint (4.8). Due to the nonconvex feasible set
resulting from (4.6), the optimization problem (4.9) is nonconvex. PCPDIPM
is implemented in this paper to solve the formulated nonlinear nonconvex
optimization problem. The details of PCPDIPM are described in [51,52]. The
technique to induce the convergence of discrete variables is adopted from [50].
4.4 The Proposed Two-stage Optimization for Deter-
mination of the Locations and Real-Time Reactive
Power Injections from LV-SVCs
The iterative placement algorithm assumes that unlimited number of
LV-SVCs can be installed at the transformer secondary node. If the load
voltage violations are not removed even after installing an LV-SVC at the cor-
responding transformer secondary, it is likely that another LV-SVC is placed
at the same location in some other iteration during the placement process.
In practice, due to space limitation on the service transformer pole, not more
than one LV-SVC can be installed on each service transformer secondary. The
BPSO algorithm inherently takes this constraint into account by associating
only one bit for each LV-SVC location. In the proposed framework, this lim-
itation can be realized by setting an upper bound of 20 kvar on the reactive
power injection at each secondary node for each time step.
In the proposed approach, the optimization of LV-SVC locations and
their reactive power dispatch are performed in two stages as depicted in
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Fig. 4.4. In both stages, the optimization problems share similar decision
variables and operating constraints, as discussed in Section 4.3. In the first
stage, the objective is to minimize the investment cost per day of the LV-
SVCs, as shown in (4.2) to maintain the voltage regulation. Based on the
optimal dispatch of LV-SVCs, which is the solution of the first stage, the op-
timal locations of LV-SVCs are determined. These locations are the input to
the second stage, in which the ACOPF is run again to determine the real-time
secondary-side reactive power injections in the circuit by LV-SVCs.
Static data inputs:
System topology, line parameters, 
and LV-SVCs candidate locations...
Dynamic data inputs:
Loads (updated every 
time step)
Formulate OPF and solve
using PCPDIPM in Python
(Section 4.3)
Static data inputs:
System topology, line parameters, 
and optimal LV-SVCs locations...
Dynamic data inputs:







Formulate OPF and solve











Figure 4.4: Two-stage optimization procedure. For verifying the accuracy of
the OPF solutions, optimal dispatch from LV-SVCs is input to OpenDSS sim-
ulator [1]. OpenDSS computes system voltages and losses. These outputs are
then compared to those determined by the proposed formulation in Section 4.3.
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As opposed to the first stage, the objective of the AC OPF problem in
the second stage is to minimize the active power losses, as shown in (4.3). The
cost of the LV-SVCs is not considered in the objective function in the second
stage as these devices, once placed will not incur any additional cost to inject
reactive power. The two-stage optimization is performed on Circuit 5 and the
results are discussed in the next section.
4.5 Simulation Results of Circuit 5
The scalability and applicability of the proposed two-stage optimiza-
tion framework for optimal placement and centralized control of LV-SVCs are
validated on a large distribution circuit namely Circuit 5. In this section, the
circuit’s performance with the centralized control of LV-SVCs is compared with
that when the LV-SVCs are operated using local autonomous voltage-based
controllers.
4.5.1 Placement using BPSO Algorithm
Initially, the LV-SVCs operating with local controllers are installed us-
ing the BPSO algorithm discussed in Section 3.2.1. The parameters used for
running the BPSO are given in Table 4.1. The cost of energy losses is consid-
ered as Wl = 0.1 $/kWh. Assuming a cost of $2000 for one LV-SVC rated for
20 kvar with an expected service life of 15 years, the associated cost coefficient
is determined as Wsvc = $0.365 per LV-SVC per day. A high value is selected
for the weight Wuv to obtain a solution with less low voltage violations in the
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circuit. The BPSO algorithm resulted in placing 24 LV-SVCs. The results
of daily QSTS simulation with the LV-SVCs in the circuit are discussed in
Section 4.5.3.
Table 4.1: BPSO parameters
Parameter Value
No. of particles 40
No. of iterations 50
BPSO weighing factors c1 = 0.5, c2 = 1.25, and ω varies linearly from 0.9 to 0.4
Objective function weights Wuv = 1000, Wsvc = 0.1, Wl = 0.365
FN1
FN2
Figure 4.5: Locations of LV-SVCs using BPSO algorithm.
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4.5.2 Optimal Placement and Centralized Control using ACOPF
In the proposed approach, the optimal locations and reactive power
injections by the LV-SVCs are determined in two stages. In the first stage,
the optimal locations of LV-SVCs are identified by running the ACOPF with
the reactive power injection at all the secondary nodes as decision variables
and objective function as given in (4.2). There are 591 secondary nodes cor-
responding to 591 service transformers in Circuit 5. The ACOPF is run for
24 time steps considering the variations in the load demand at each hour of
the simulated day. Assuming a service life of 15 years, the coefficient α1 is
computed as 0.00765 $/kvar/hour for the ACOPF in this stage. The total re-
active power injection by the LV-SVCs (in kvar-h) installed at different nodes
over the simulated peak day obtained from the ACOPF results is shown in
Fig. 4.6. There are 27 secondary nodes in total where reactive power injection
is needed to minimize the active power losses in the circuit while maintaining
the load voltages within limits.
In the second stage optimization, the optimal outputs of the 27 LV-
SVCs at each time step are determined by running the ACOPF again. Note
that only the cost associated with the active power losses is minimized in
determining the reactive power injections in this stage. The cost of energy loss
is considered as α2 = 0.1$/kWh. The geographic locations of the LV-SVCs
in the circuit are highlighted with stars in Fig. 4.7. The color of the stars
represents the amount of reactive power supplied by the LV-SVC installed at
that location during the simulated day. It is observed that most of the reactive
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Figure 4.6: Reactive power injection obtained from first-stage optimization.
power injection is needed in the feeder neighborhood FN1. As noted in [31],
this is the feeder neighborhood experiencing lower supply voltages compared
to the other parts of the circuit. As a result, more capacitive reactive power
support is needed in FN1 in a more distributed way compared to FN2. There
are three additional LV-SVCs required in the circuit apart from those installed
in FN1 and FN2 as highlighted in Fig. 4.7.
The active and reactive power demands at the substation and the total
reactive power injection by all the LV-SVCs during the simulated day are
shown in Fig. 4.8. During the initial few hours of the day, reactive power is
not drawn from the LV-SVCs. As the load level increases, more reactive power
is needed after hour 4 which is provided by these devices. Maximum reactive





Figure 4.7: Optimal locations and reactive power injections of LV-SVCs.
Figure 4.8: Active and reactive power demands at substation and total reactive
power injection by LV-SVCs during simulated day.
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4.5.3 Comparison of Results
The minimum load voltage and the active power losses in the circuit
on the simulated day are compared for the following five scenarios:
1) Base case: No LV-SVCs are present in the circuit.
2) BPSO placement with a voltage setpoint, Vsp=0.95 pu: The LV-SVCs are
placed using the BPSO, the LV-SVCs are set to regulate their node voltages
at 0.95 pu using local autonomous controllers.
3) BPSO placement, Vsp=1.0 pu: The LV-SVCs in the previous scenario are
set to regulate the node voltage at 1.0 pu.
4) BPSO placement, Vsp=1.05 pu: The LV-SVCs in the previous scenario are
set to regulate the node voltage at 1.05 pu.
5) ACOPF placement and dispatch: The LV-SVCs are placed and dispatched
using the proposed two-stage optimization approach.
The minimum load voltage in the circuit for all these scenarios is shown
in Fig. 4.9. It is below the lower ANSI limit of 0.95 pu in the base case
for several hours during the simulated day which is not acceptable. This
voltage is maintained at or above 0.95 pu throughout the day in all the other
scenarios. The maximum voltage in the circuit in all the scenarios is found
to be approximately the same and is below the 1.05 pu upper ANSI limit.
The voltage regulation is accomplished in all the scenarios other than the base
case due to the reactive power injection by the LV-SVCs. Furthermore, the
minimum load voltage is well above the 0.95 pu when higher voltage setpoints
are used for the LV-SVCs. The results show that when the voltage regulation
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is the primary objective, both the BPSO placement and ACOPF placement
work well.
Figure 4.9: Minimum load voltage during the simulated day in different sce-
narios.
The active power loss in the circuit in each scenario during the simu-
lated day is shown in Fig. 4.10. The active power loss is higher in the base
case due to the lack of reactive power sources in the circuit in this scenario.
The total energy loss on the simulated day in the base case is 4,883 kWh as
shown in Table 4.2. When the LV-SVCs are supplying reactive power using
the local voltage-based control with voltage setpoints 0.95 pu, 1.0 pu, and 1.05
pu, the active power loss is reduced by 1.5%, 2.63%, and 2.46% respectively
compared to the base case due to the supply of reactive power to the loads
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experiencing low voltages. The total energy loss is the lowest at 4,736 kWh
when the centralized optimal control is used for the LV-SVCs as the reactive
power injections in this scenario are optimized to minimize the losses while
maintaining the voltage regulation. This is 3.07% reduction compared to the
base case.
Figure 4.10: Active power loss in the circuit during the simulated day.
In the approach described in Section 4.3, the LV-SVC placement was
done to perform voltage regulation while minimizing the device installation
cost in the first stage. The installed LV-SVCs are then utilized to minimize
the active power losses as well while maintaining the voltage regulation in the
second stage optimization. However, the energy losses can be further mini-
mized by considering the active power losses in the objective function in the
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Base case 0 Yes 4,883 kWh -
BPSO placement, Vsp = 0.95 pu 24 No 4,802 kWh 1.5%
BPSO placement, Vsp = 1.0 pu 24 No 4,754 kWh 2.63%
BPSO placement, Vsp = 1.05 pu 24 No 4,762 kWh 2.46%
ACOPF placement & control 27 No 4,736 kWh 3.07%
first stage itself. When both the objectives (4.2) and (4.3) are considered in
the first stage optimization, the results show that 74 LV-SVCs are required in
the circuit to further minimize the power losses. In the second stage optimiza-
tion, the optimal reactive power injections from the 74 LV-SVCs are computed
at each time step for the centralized control. The active power losses in the
circuit obtained from the daily QSTS results when the centralized control is
applied on the 74 LV-SVCs, when they are operated with the local voltage-
based controllers with the voltage setpoints of 0.95 pu, 1.0 pu, and 1.05 pu are
shown in Fig. 4.11. The summary of QSTS results is given in Table 4.3. It is
observed that the energy losses are lowered when the LV-SVCs are operated
with higher voltage setpoints in local control mode. As the voltage setpoints of
the LV-SVCs are increased, they supply more reactive power in order to main-
tain the higher node voltages. This additional reactive power compensates
for the load reactive power requirement. Furthermore, as the node voltage is
increased, the loads (modeled as constant power) draw less current, leading to
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lower losses in the associated lines upstream. The reductions in the energy loss
compared to the base case are 1.37%, 6.7%, and 6.35%, when voltage setpoints
are 0.95 pu, 1.0 pu, and 1.05 pu, respectively. The higher voltage setpoints
lead to the injection of higher amount of reactive power for a given measured
voltage, resulting in lower active power losses. The energy losses are observed
to be the lowest at 4,540 kWh with the centralized optimal control which is 7%
reduction compared to the base case. This reduction is marginal compared to
the case when the 74 LV-SVCs are operated on local control mode with 1.0 pu
voltage setpoint. Therefore, when the centralized control is not available, the
LV-SVCs can be operated on local control mode with higher voltage setpoints
to obtain lower energy losses. The voltage violations are not present in any of
these scenarios, except the base case as shown in Fig. 4.12.







Base case 0 Yes 4,883 kWh -
ACOPF placement with local con-
trol, Vsp = 0.95 pu
74 No 4,815 kWh 1.37%
Local control, Vsp = 1.0 pu 74 No 4,554 kWh 6.7%
Local control, Vsp s= 1.05 pu 74 No 4,572 kWh 6.35%
ACOPF placement & centralized
control
74 No 4,540 kWh 7%
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Figure 4.11: Active power loss during the simulated day when 74 LV-SVCs
are installed.
4.5.4 Convergence of the PCPDIPM
The PCPDIPM algorithm used to solve the problem formulated in Sec-
tion 4.3 is implemented in Python on an Intel Core i7-6700 with 32GB RAM.
The algorithm converges in both stages and in all time steps. In the first stage,
the running time is approximately 1.8 minutes for one time step. In the sec-
ond stage, in which the number of locations of LV-SVCs are significantly lower,
the running time is approximately 1.1 minutes for one time step. Besides the
benefits described in Section 4.5.3, such rapid and robust convergence indi-
cates that the proposed formulation and solution approach are also suitable
for real-time applications.
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Figure 4.12: Minimum load voltage during the simulated day in different sce-
narios.
4.6 Summary
In this chapter, a two-stage optimization framework for optimal place-
ment and centralized control of low-voltage SVCs in distribution circuits is
proposed. The proposed approach leverages the data available from AMI,
communication capabilities of LV-SVCs, allows incorporation of physical con-
straints of space limitations on the transformer poles, and is scalable for ap-
plication to large unbalanced distribution networks. The proposed approach
provides global optimal locations for the LV-SVCs considering voltage regula-
tion and active power loss in a reasonable computational time. Additionally,
we can also apply a centralized control on the LV-SVCs to control their real-
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time outputs optimally to minimize the active power losses. The advantages of
optimal placement and centralized control of LV-SVCs is studied by comparing
it with the performance achieved by local voltage-based control of LV-SVCs
with varied voltage setpoints installed using BPSO technique in Circuit 5.
The results show that, when the voltage regulation is the only objective, both
BPSO and ACOPF-based placement algorithms are effective in selecting the
best locations for the LV-SVCs. However, the energy losses can be lowered
significantly when the centralized optimal control is implemented on the LV-
SVCs. Furthermore, from the voltage setpoint analysis, it is found that higher
voltage setpoints such as Vsp = 1 pu can be used and the SVCs can be oper-
ated on distributed control to obtain power loss reduction similar to when a
centralized optimal control is applied on them.
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Chapter 5
PV Smart Inverter Control Tuning for Voltage
Regulation at Grid-Edge
Interconnections of small- and large-scale solar photovoltaic (PV) sys-
tems to the distribution system are growing at a rapid pace. Their penetration
levels are often limited by the distribution utilities because of the adverse im-
pacts on various distribution operating parameters, specifically steady-state
and transient voltage rise. Inverters used for the solar PV can be used to
absorb or inject reactive power to mitigate the impacts of their real power
injection on the distribution system voltages. Such active voltage regulation
by the PV was not allowed by the standards in the past [13]. However, the
recent amendment of IEEE 1547 standard [29] permits the voltage regulation
by PV using controlled var injection. As a result, the PV smart inverters form
another control handle to improve the voltage regulation at grid-edge.
1This chapter focuses on tuning the control settings of PV smart in-
verters for voltage regulation and smoothing. The PV smart inverters can
have beneficial effect on the distribution grid only when appropriate control
1Parts of this chapter appear in the published paper, ‘H. V. Padullaparti, N. Ganta,
and S. Santoso, “Voltage Regulation at Grid Edge: Tuning of PV Smart Inverter Control,”
IEEE Power and Energy Society T&D Conference & Exposition, Denver, CO, Apr. 2018’.
The author of this dissertation contributed all the sections in this paper as first author.
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settings are implemented. Studies have shown that when wrong settings are
chosen, the PV smart inverters can actually worsen grid performance beyond
that seen if the PV is operating at unity power factor [54]. However, the de-
termination of appropriate PV smart inverter settings is a complex process as
numerous settings are possible to implement on a smart inverter and the feeder
response to a given setting depends upon a wide variety of parameters such as
the feeder characteristics, loading condition, PV size, and PV location [30]. In
this chapter, a procedure to tune the PV smart inverter settings by grouping
the PVs in the feeder neighborhoods experiencing undervoltages is proposed
for voltage regulation. The performance of the tuned PV smart inverter set-
tings is compared to that of the settings recommended in [30,32] using voltage
range and voltage variability indices. The results show that, implementation
of the tuned settings is very effective leading to the reduction of voltage range
by 64% and variability index by 82.5% compared to the unity power factor
inverter setting in the studied circuit.
5.1 Distribution Circuit Details
One of the standard distribution test circuit models developed by EPRI
namely ‘Circuit 5’ is used in this study. The one-line diagram of the circuit,
generated using Sandia GridPV tool [47], is shown in Fig. 5.1. This circuit
has a 115/12.47 kV, 10 MVA substation transformer with a peak load demand
of 8.12 MVA. Four three-phase switched capacitors are installed along the
feeder as highlighted in Fig. 5.1 for both voltage regulation and power factor
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correction. Mid-line voltage regulators are not available in this circuit.
Figure 5.1: One-line diagram of the distribution circuit.
The feeder voltage profile at the peak load snapshot simulation with a
source voltage of 1.025 pu is shown in Fig. 5.2. In this figure, the primary bus
voltages are represented by solid lines and the secondary node voltages are
represented by dashed lines. All the capacitors are in service in this condition.
It is observed that many loads on phase B experience undervoltage violations,
i.e., voltages lower than 0.95 pu at the peak load snapshot. There are 24
loads in total that experience undervoltage violations. The primary buses of
these loads are marked with red stars in Fig. 5.1 and the feeder neighborhood
within which these loads are connected is encircled. Note that there are only
7 primary 12.47 kV buses associated with these 24 loads. From these 7 buses,
the 24 loads are connected on the 120V/240 V secondary network via service
lines and service transformers. In Fig. 5.1, the colors of the distribution lines
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are contoured in accordance with the voltage experienced by that line at the
peak load snapshot.
0 1 2 3 4 5 6




























Figure 5.2: Feeder voltage profile at peak load.
5.2 Analysis of the Voltage Impact of PV within a Feeder
Neighborhood
To demonstrate the benefits of employing PV smart inverters, 24 PVs
are installed at the load locations experiencing undervoltage violations. The
PV sizes are same as that of the loads connected at these 24 locations, with an
aggregated size of 184 kW. Note that the loads with undervoltage violations
and consequently, the locations of PV systems are segregated within the feeder
neighborhood encircled in Fig. 5.1.
The analysis presented in this section shows that the impact of reactive
power injection by PVs located within a given feeder neighborhood does not
vary much for reasonable sizes of PV systems. Thus, customized settings for
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each individual PV is not required. A common setting can be supplied to
all the PVs within a feeder neighborhood which then can be tuned to obtain
effective voltage regulation performance.
To analyze the impact of PV on system voltage, consider a PV system
connected to the secondary circuit of a distribution grid. The Thevenin equiv-
alent circuit at the point of interconnection (POI) of the PV on the secondary
is shown in Fig. 5.3. In this figure, the voltage source, equivalent system resis-
tance and reactance are represented by Vs, R, and X, respectively. The values
of these parameters at the PV locations in a given circuit can be obtained








Figure 5.3: Thevenin equivalent circuit at the POI of the PV system.
The PV injects active power (P ) and reactive power (Q) at the POI.









[(RP +XQ) + j(XP −RQ)] (5.2)
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Since the reactive part of the voltage rise is negligible compared to
the real part, the reactive term of (5.2) can be neglected [55]. Additionally,
since the voltage phase shift at the POI with respect to the source voltage is
negligible [55], the voltage at the POI can be approximated to be the same as








where ∆Vpu is the voltage rise expressed in per unit and Vbase is the nominal
bus voltage.
The key influencing factors that determine the voltage impact due to
power injections from the PV are highlighted in (5.3). They are the distri-
bution system impedance at POI (R, X) and the PV parameters (P, Q). In
general, the distribution system impedances at the buses within a given feeder
neighborhood do not vary much. The impedance is lowest at the substation
and increases as we move farther away from the substation along the feeder.
Fig. 5.4 shows the variation of system resistance and reactance in a distri-
bution circuit. In this figure, the line colors are contoured according to the
short-circuit resistance (R) and reactance (X). It is evident that, within a
given feeder neighborhood, the resistance and reactance parameters have sim-
ilar values. As such, all the PVs which are close to one another, in particular,
those installed in the encircled region in Fig. 5.1, observe a similar impedance
from the system that affects the voltage change due to PV (∆Vpv).
The ∆Vpv also depends upon the real and reactive power injections from











Figure 5.4: Variation of system impedance.
systems can vary from 2 kW to 10 kW [56]. The size distribution of the 24
PV systems, which range between 4.84 kW and 9.71 kW, is shown in Fig. 5.5.
Additionally, from the short-circuit study results of Circuit 5, it is observed
that the equivalent system resistance at the POI ranges between 44.06 Ω and
56.05 Ω whereas the equivalent system reactance ranges between 36.83 Ω and
50.73 Ω.
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Figure 5.5: PV size distribution.
The quantitative analysis of extremes of the voltage change due to
the PV real power injections at the lowest and highest system equivalent
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impedances with a base system voltage of 7.2 kVLN is given below.
∆Vpu,min P ∼=
44.06 (Ω)× 4.84 (kW )
7.2 (kV )× 7.2 (kV )
= 0.0041 pu
∆Vpu,max P ∼=
56.05 (Ω)× 9.71 (kW )
7.2 (kV )× 7.2 (kV )
= 0.0106 pu
where ∆Vpu,min P and ∆Vpu,max P are the anticipated voltage changes due to
minimum and maximum real power injections from the PV.
Similarly, considering the PV smart inverter kVA rating as 1.1 times its
maximum real power rating, the anticipated extremes of voltage change due to
the PV reactive power injection can be calculated as ∆Vpu,min Q = 0.0038 pu
and ∆Vpu,max Q = 0.0104 pu. It can be observed that the impact of power
injections on voltage for the residential PV did not vary much within the
selected feeder neighborhood. As such, customized smart inverter settings for
such systems is not required. A common setting can be applied to all of them.
Along the same lines, it can be shown that even for commercial PV installations
with sizes up to several tens of kW installed in a given feeder neighborhood,
customized smart inverter settings are not required as the associated impact
does not vary much among them.
∆Vpu,min Q ∼=
36.83 (Ω)× 5.32 (kvar)
7.2 (kV )× 7.2 (kV )
= 0.0038 pu
∆Vpu,max Q ∼=
50.73 (Ω)× 10.68 (kvar)
7.2 (kV )× 7.2 (kV )
= 0.0104 pu
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5.3 PV Smart Inverter Control Modes and Performance
Metrics
Two smart inverter control modes namely volt-var control (VVC) and
dynamic reactive current control (DRCC) useful for performing voltage regu-
lation are considered in this work for smart inverter control tuning.
5.3.1 Volt-var Control (VVC) Mode
The volt-var control (VVC) mode facilitates the smart inverter of a PV
to inject reactive power in response to its terminal voltage and a preset volt-var
control curve. The volt-var curve proposed in [30,32] to be the default setting
for PV smart inverters is shown in Fig. 5.6. In some cases, it may be useful
to employ a hysteresis in the volt-var settings. Hysteresis helps maintain the
reactive power output from the PV smart inverter for a band of voltage levels.
The key parameters in defining a VVC curve that could result in best possible
voltage regulation performance are (a) Slope of the curve (b) Hysteresis (c)
Deadband.
5.3.2 Dynamic Reactive Current Control (DRCC)
The DRCC mode is useful in mitigating the fluctuations in the system
voltage [30]. The functionality in this mode is different compared to the VVC
mode, in that the controlling parameter is the change in voltage rather than
the voltage level itself. Unlike the VVC mode, the reference voltage in this
mode is not fixed, but is a moving average of PV voltage measurements for a







Figure 5.6: Default volt-var control (VVC) curve.
mode are (a) Curve slope (b) Average window length (AWL) (c) Deadband.
The DRCC mode is useful in mitigating the fluctuations in the system
voltages. The PV smart inverter operation in DRCC control mode can be
described using Fig. 5.7. The functionality in this mode is different compared
to the VVC mode, in that the controlling parameter is the change in voltage
rather than the voltage level. Unlike the VVC mode, the reference voltage in
this mode is not fixed, but is a moving average of PV voltage measurements for
a preset window length. The key parameters of smart inverter settings in this
mode are (a) Curve slope (b) Average window length (AWL) (c) Deadband.
5.3.3 Performance Metrics: Voltage Range and Variability Index
To quantify the effectiveness of a given PV smart inverter control set-
ting, two metrics namely voltage range and voltage variability index are used
in this study. The voltage range at a PV terminal is the difference between
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Figure 5.7: Illustration of DRCC control mode.
the maximum and minimum voltages observed at the PV terminal during the
selected quasi-static time series (QSTS) simulation period (peak day in this
study). This metric is useful in quantifying the improvement in the steady-
state voltage variation. Thus, it is used to assess the effectiveness of volt-var
control settings.
Voltage range = Vmax − Vmin (5.4)
To quantify the level of voltage smoothing, i.e., reduction of voltage
fluctuations for a given DRCC setting, variability index (VI) is used. The
variability index, calculated using (5.5), is a modification of solar variability
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|Vk − Vk−1| (5.5)
where ‘n’ is the total number of voltage samples, Vk is the PV terminal voltage
at kth sample.
5.4 PV Smart Inverter Control Tuning and Results
In this section, the PV smart inverter control tuning procedure in both
VVC and DRCC modes is presented. The performance of the resulting settings
is compared with that of the settings recommended in literature.
5.4.1 Tuning of Volt-Var control (VVC) settings
A PV profile having moderate power output variabilities, as shown in
Fig. 5.8, is assumed for all the 24 PVs in the circuit for the QSTS simulation.
Furthermore, all the PVs are considered to be equipped with smart inverters.
Five VVC curves with different slope settings are defined as shown in Fig. 5.9a.
For each of these curves, the hysteresis (hyst) setting is varied from -0.01 pu to
-0.05 pu in steps of -0.01 pu. The VVC curve 5 with various hysteresis settings
is shown in Fig. 5.9b. Note that the PVs do not inject any reactive power in
the deadband region. As such, the deadband does not influence the voltage
range. Thus, the deadband is not used in the tuning of the VVC settings. Peak
day QSTS with 1-minute resolution is performed for each variation of VVC
curve slope and hysteresis settings and the resulting voltage range is plotted
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as shown in Fig. 5.10. As the voltage observed at all the 24 PV locations is
approximately the same, the voltage range measured at one PV location is
used for plotting. The results show that, VVC settings with aggressive slope
and zero hysteresis settings result in low voltage ranges. Thus, the VVC curve
5 with zero hysteresis, as given in Table 5.1, is the recommended setting for
the residential PVs in the selected feeder neighborhood in Circuit 5.
Figure 5.8: Selected PV profile.
Table 5.1: Tuned VVC Curve Settings
VVC Curve V1 Q1 V2 Q2 V3 Q3 V4 Q4
VVC Curve 5 0.8 1 0.975 1 1.025 -1 1.2 -1
5.4.2 Tuning of DRCC settings
The DRCC settings can be tuned on the basis of the resulting voltage
variability index (VI) from the peak day QSTS simulation. For this pro-
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(a) (b)
Figure 5.9: (a) Volt-var control curves with varied slopes (b) VVC Curve 5




























Figure 5.10: Voltage range for varied VVC settings.
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cess, the DRCC curves with varied slope settings and average window lengths
(AWL) are defined initially. These settings are then assigned to all the 24 PVs
and peak day QSTS is performed for each DRCC setting. The resulting VI is
plotted as shown in Fig. 5.11. The results show that, the VI becomes lower
as the DRCC curve slope and the average window lengths are increased. The
sensitivity of the VI to the DRCC curve slope is higher than that to the AWL.
Based on the results, the DRCC curve slope of 80 with moderate AWL of 60
minutes, as given in Table 5.2, is the recommended setting for the 24 PVs in
the DRCC mode.
Table 5.2: Tuned DRCC Curve Settings
Parameter Setting
Slope 80 (1% of voltage deviation from average value will
result in 80% change in the reactive power injection)




































Figure 5.11: Variability index for varied DRCC settings.
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With default volt-var settings
Combined mode with settings in [30]
Combined mode with tuned settings
Figure 5.12: Voltage at the selected PV terminal during peak day.
5.4.3 Performance study
To study the voltage regulation performance of the tuned smart in-
verter settings, four scenarios are considered. In scenario 1, all the PVs are
assumed to inject power at unity power factor. In scenarios 2 and 3, the
default volt-var settings and the combined mode settings proposed in [30], re-
spectively are used. In the combined mode, the PV smart inverters perform
both VVC and DRCC functions simultaneously to reduce voltage range and
voltage variability. In scenario 4, the combined volt-var and DRCC mode with
the tuned settings given in Tables 5.1 and 5.2 are used. The voltage at the
selected PV location obtained from the peak day QSTS is shown in Fig. 5.12.
The voltage range and the voltage variability indices computed for these PV
voltage plots are given in Table 5.3. From Fig. 5.12 and Table 5.3, it is clear
that the voltage profile is very much improved in terms of low voltage range
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and variability index, when the PVs are operating in the combined mode with
the tuned smart inverter settings (scenario 4). In particular, the tuned smart
inverter settings used in scenario 4 reduced the voltage range by 64% and the
variability index by 82.5% compared to the unity power factor inverter setting
in scenario 1. Furthermore, from the feeder voltage profile at the peak load
snapshot when the PVs configured with the settings of scenario 4, shown in
Fig. 5.12, it is evident that there are no undervoltage violations in the circuit.
This is further confirmed from the peak day QSTS simulation results.
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Figure 5.13: Voltage profile at peak load snapshot with PVs using tuned
settings.
Table 5.3: Performance Comparison
Scenario Voltage range Variability
index (VI)
1. Unity power factor 7.02 % 76.32 %
2. Default volt-var 6.15 % 65.7 %
3. Combined mode with settings in [30] 6.14 % 56.16 %
4. Combined mode with tuned settings 2.52 % 13.36 %
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5.5 Summary
In this chapter, a procedure to tune the PV smart inverter settings by
grouping them to enhance voltage regulation at grid-edge is proposed. Analysis
supporting the grouping of the PVs installed within the feeder neighborhoods
experiencing undervoltage violations is presented. The enhanced performance
of the PV smart inverters configured with the proposed tuned settings com-
pared to the settings available in literature is demonstrated. The results show
that, with the use of tuned settings, voltage range is reduced by 64% and
variability index is by 82.5% compared to unity power factor inverter setting
in the studied circuit.
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Chapter 6
Increasing Feeder PV Hosting Capacity by
Regulating Secondary Circuit Voltages
High amounts of residential photovoltaic (PV) systems are being inte-
grated in distribution grids. Some of the states in the U.S. such as Califor-
nia, Hawaii and Arizona have experienced significantly high PV penetrations.
Studies and observations in these areas have shown that quite often increased
penetration of PV generation results in high voltage levels across distribution
system, also known as overvoltage condition [58, 59]. Given that ANSI C84.1
standard recommends a maximum operating voltage of 1.05 per unit (pu)
across the distribution circuit, it results that overvoltage condition is often the
limiting factor in the maximum PV penetration levels.
Motivated by the applications of edge-of-grid voltage control devices
in performing voltage regulation, 1this chapter proposes the application of
low-voltage distribution static compensators (LV-DSTATCOMs) in increasing
the PV hosting capacity of distribution circuits. The LV-DSTATCOM is a
1Parts of this chapter appear in the accepted paper, ‘H. V. Padullaparti, S. Jothibasu,
S. Santoso, and G. Todeschini, “Increasing Feeder PV Hosting Capacity by Regulating
Secondary Circuit Voltages,” accepted in IEEE Power and Energy Society General Meeting,
Portland, OR, Aug. 2018’. The author of this dissertation contributed sections I and III
through VI in this paper as first author.
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shunt-connected device that can inject or absorb reactive power as needed to
regulate the voltage at its terminals. The controlled reactive power absorption
can help in reducing the overvoltages on the secondary-wire due to high levels
of PV generation. As opposed to the PV smart inverters that primarily supply
active power, the LV-DSTATCOMs are dedicated devices to supply or absorb
reactive as needed. Additionally, like the case of the other edge-of-grid devices,
the utility can select their locations to install for effective voltage regulation.
Such flexibility is not available in case of residential PV as the customers
decide the residential PV locations. In this chapter, the effectiveness of LV-
DSTATCOMs in increasing the PV hosting capacity of distribution circuits is
addressed. One of the test distribution circuits developed by EPRI, namely
Circuit 24, is used for this study [60]. The circuit’s PV hosting capacity is
determined using a stochastic analysis framework. The LV-DSTATCOMs are
deployed at strategic locations using an iterative placement technique. The
results show that the LV-DSTATCOMs are very effective in increasing the
PV hosting capacity of distribution circuits. In particular, installation of 23
devices removed overvoltage violations from 1517 loads to increase the PV
hosting capacity of the studied circuit from 15% to 100% of the median day
time peak load of 16.88 MW. Furthermore, the sensitivity analysis shows that
a reduced number of LV-DSTATCOMs are needed to achieve the desired PV
hosting capacity level when the devices of higher rating are operated with a
lower voltage setpoint.
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6.1 PV Hosting Analysis Framework
A stochastic analysis framework is used to evaluate the impacts of PV
systems on the distribution circuits. The framework developed in [61, 62]
simulates and examines a large variation of PV deployment scenarios. The
analysis estimates the PV penetration level (in kW) likely to cause overvoltage
in the distribution circuit. The steps used to implement the framework are
described in the next sections.
6.1.1 Create PV Deployment Scenarios
In order to reasonably represent the effects of customer-owned small-
scale PV systems, multiple PV deployment scenarios are simulated by associ-
ating random variations to both locations and sizes of the PVs connected to
the customer loads. The location of customers with PV systems are randomly
selected from the pool of customers in the distribution circuit. The size of
the PV system at each customer location is chosen from a probability density
function obtained from installed PV capacities in California [63].
For a PV deployment scenario, 50 customer penetration levels are sim-
ulated by increasing customer penetration from 0% to 100% with 2% steps.
The customer penetration defines the percentage of customers equipped with
PV systems. A 100% customer penetration indicates that all customers have
PV installed and the size of the PV is based on the random allocation from
the probability density function. In this paper, 100 such PV deployment sce-
narios are simulated, resulting in a total of 5000 deployment scenarios. The
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methodology to systematically simulate PV deployment scenarios is depicted







In this study, M=100 and 













Construct M x N PV 
deployment scenarios
Figure 6.1: The stochastic analysis framework.
6.1.2 Quantify Feeder Impacts
First, a base case model of the selected distribution feeder is developed.
The existing PV systems, if any, are incorporated in the distribution circuit.
Loads are modified such that total load demand at the substation is 10 per-
centile of minimum load measured between 10 am to 2 pm throughout a year.
The load value is chosen in order to perform a conservative study in which
PV generation is at its peak (10 am to 2 pm) while load is at its minimum.
A three-phase load flow analysis is then conducted, and the voltage variations
are evaluated for the base case model. The status of the LTC transformers and
existing capacitors are fixed, and the corresponding state of the distribution
circuit is referred to as the base case in this study.
90
The load flow analysis is then carried out for each PV deployment
scenario for a representative minimum load value. From the load flow results
for each scenario, steady state voltage at all load terminals are analyzed. If
any load terminal voltage exceeds 1.05 p.u., this is recorded as a violation.
The PV hosting capacity of a distribution feeder is defined as the max-
imum amount of PV generation that can be integrated without violating over-
voltage criteria. From the load flow analysis of all scenarios, the hosting ca-
pacity corresponding to the first violation scenario is calculated.
6.2 PV Hosting Capacity of Circuit 24
Circuit 24, selected for this study, is an actual 34.5 kV distribution
circuit where the longest feeder is 8 miles long [60]. The total primary circuit
length is 74 miles to serve 3885 customers (87% residential load). The absolute
peak and minimum load demands are 28.67 MW and 6.11 MW, respectively.
The representative minimum load value of the circuit is 10.93 MW, which is 10
percentile of the load demand of the circuit between 10 am to 2 pm throughout
a year. The median daylight time peak load of the circuit is evaluated to be
16.88 MW.
The PV hosting capacity of the selected feeder is calculated using the
stochastic analysis framework described in Section 6.1. The results are pre-
sented in Fig. 6.2. In this analysis, the maximum PV capacity corresponding
to 100% customer penetration is 17.43 MW. The overall hosting capacity of
the feeder is 2.6 MW, corresponding to 15.5% of the median day time peak
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load. Even though the voltage class of the feeder is high, the overall hosting
capacity of the feeder is low. The reason for the low hosting capacity may
be due to the length of the feeders. The presence of single voltage regulation
equipment (LTC transformer) at the feeder head is not sufficient to maintain
the voltage level across the circuit within acceptable limits.
2.6 MW
Figure 6.2: Maximum voltage recorded on Circuit 24 for 5000 scenarios with
varying levels of PV penetration
The geographical distribution of the loads experiencing overvoltages is
shown in Fig. 6.3. In this figure, the color of the primary buses represents the
number of scenarios in which the load connected on the associated secondary
node has experienced an overvoltage violation. The loads associated with the
primary buses in blue color do not experience overvoltage violations. On the
other hand, the loads experiencing overvoltage violations with PV integration
are highlighted with different colors. There are 1517 loads experiencing over-
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voltage violations, and 266 primary buses are associated to these loads. These
primary buses are grouped in five clusters as shown in Fig. 6.3. This paper will
demonstrate that installing low-voltage DSTATCOM in those clusters will help






Figure 6.3: Distribution of overvoltage violations in Circuit 24.
6.3 Characteristics of an LV-DSTATCOM
The LV-DSTATCOM is emulated using the voltage controlled generator
model available in OpenDSS. The device voltage regulation characteristics can
be plotted by connecting a generator object (LV-DSTATCOM) to the service
transformer secondary node in a small test circuit as done in Section 2.1.5. The
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device, rated for 10 kvar, is set to regulate the service transformer secondary
node voltage in the test circuit at 1 pu (240 V) while varying the node voltage.
This is to study the ability of the device to regulate the voltage at its terminals.
The node voltage without and with the LV-DSTATCOM is plotted as shown
in the first graph of Fig. 6.4. The reactive power injection/absorption by the
device is shown in the second graph of Fig. 6.4. It can be observed that, as
the node voltage deviates from the voltage setpoint of 1 pu, the device injects
or absorbs the required amount of reactive power up to the maximum power
rating to regulate the node voltage at 1 pu. If the node voltage rises above 1
pu, reactive power is absorbed (device behaves like an inductor) to reduce the
voltage, and if the node voltage becomes lower than 1 pu, reactive power is
injected (like a capacitor) to boost up the voltage.
Figure 6.4: Voltage regulation characteristics of a LV-DSTATCOM.
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6.4 Device Placement and Increase of PV Hosting Ca-
pacity
In this section, the iterative placement technique used for determining
the locations of LV-DSTATCOMs is described and the resulting increase in
PV hosting capacity is discussed.
6.4.1 Iterative Device Placement Method
As the LV-DSTATCOMs regulate the node voltage by reactive power
control, their reactive power injection/absorption helps regulate the voltages at
other secondary nodes in the proximity. Therefore, the selection of the most
appropriate locations for the device placement helps achieving the desired
PV hosting improvements with a low number of devices. In this work, an
iterative placement method, similar to the technique described in Section 2.2
is used. The steps involved in the iterative device placement method are
shown in Fig. 6.5. PV hosting analysis of the selected distribution circuit is
performed for the base case in the first iteration and the load node experiencing
overvoltage in the highest number of scenarios is determined. Then an LV-
DSTATCOM is placed at the transformer secondary corresponding to that
load. In the next iteration, the PV hosting analysis is performed again with
the LV-DSTATCOM in service. This process is repeated by placing one device
in each iteration while keeping the devices placed in the preceding iterations
in service, until there are no overvoltages in the circuit up to the desired PV
penetration level.
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Figure 6.5: Iterative device placement method.
6.4.2 PV Hosting Capacity Results after Deploying LV-DSTATCOMs
The effective locations for the LV-DSTATCOMs in Circuit 24 are shown
in Fig. 6.6. Forty devices are placed to increase the PV penetration level to
100% of the median day time peak load without any overvoltage violations at
the load terminals. The devices are rated for 10 kvar each, and are configured
to regulate the voltage at 240 V (1 pu) at their connection point. Numerous
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devices are installed in cluster 1 as many loads in this region are experiencing
overvoltages in a very high number of PV deployment scenarios. Few devices
are placed in clusters 2, 3, and 5. No device is required in cluster 4 as the
reactive power support provided by the LV-DSTATCOMs already deployed






Figure 6.6: LV-DSTATCOM locations in Circuit 24.
The PV hosting analysis is performed with 40 LV-DSTATCOMs in the
circuit and the results are shown in Fig. 6.7. It can be observed that none of
the PV deployment scenarios have overvoltage violations. The total reactive
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power output from all devices in all scenarios is shown in Fig. 6.8. In most
of the scenarios having low PV penetration levels, the total reactive power
absorbed is less than the total rating of the devices which is −400 kvar (the
negative sign represents reactive power absorption). In these scenarios, the
devices are absorbing only the required amount of reactive power so as to
regulate the voltage at their terminal at the voltage setpoint. As the PV
penetration level increases, more reactive power is absorbed to regulate the
node voltages to the given setpoint (1 pu). In almost all scenarios above 10
MW PV penetration level, full capacity of all LV-DSTATCOMs is utilized for
voltage regulation.
Figure 6.7: Maximum load voltage for varying levels of PV penetration, with
40 LV-DSTATCOMs in service.
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Figure 6.8: Total reactive power output of all LV-DSTATCOMs for varying
levels of PV penetration.
6.4.3 Sensitivity Analysis
In this section, results of sensitivity analysis performed with respect to
device sizes, voltage setting, and increase in PV hosting capacity are discussed.
In Section 6.4.2, a device rating of 10 kvar with a voltage setting of 1 pu is
considered. In this section, first the device size is increased in steps of 5
kvar while keeping the same voltage setpoint, the resulting number of devices
required to increase PV hosting capacity up to 100% of the median day time
peak load is shown in Fig. 6.9. As the device rating increases, the number of
devices that are required to achieve 100% customer penetration decreases, but
the number of devices remains constant when the rating reaches 25 kvar. This
is because as the rating increases, each device is able to provide more reactive
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power to regulate the node voltages, thus less devices are required to provide
the same level of reactive power support. Upon providing the sufficient number
of devices with appropriate sizes at the effective locations, increasing the rating
does not impact the number of devices, as increased available reactive power
will not be utilized fully utilized.
Figure 6.9: Number of devices needed as the device rating increases.
The improvement in the PV hosting capacity of the circuit for different
LV-DSTATCOM ratings is also analyzed in this work. The PV hosting capac-
ity results when 10 kvar and 25 kvar devices are installed, with 1 pu voltage
setpoint, are shown in Fig. 6.10. It is observed that, when the devices of higher
rating (25 kvar) are installed, the PV hosting capacity improves more rapidly
compared to the case when the devices of lower rating (10 kvar) are employed.
Thus, the desired PV hosting capacity is reached with a low number of devices.
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With 10 kvar devices
With 25 kvar devices
Figure 6.10: Comparison of increase in PV hosting capacities.
The next step consists in the following: the device rating is selected as
25 kvar (observed to be the optimal rating for this circuit from Fig. 6.9) and the
devices are installed using the iterative placement method for varying device
voltage regulation setpoints. The results are shown in Fig. 6.11. It is observed
that, for lower device voltage regulation setpoints, a lower number of devices
is needed to achieve 100% of median day time peak load. This is because as
the voltage regulation setpoint is lowered, more inductive reactive power is
obtained from the existing LV-DSTATCOMs, and therefore less devices are
needed.
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Figure 6.11: Number of LV-DSTATCOMs required as the device voltage set-
point varies.
6.5 Summary
In this chapter, the application of low-voltage DSTATCOMs to increase
the PV hosting capacity of large distribution circuits is proposed. Iterative
placement method is used to select the effective locations of these devices.
Sensitivity analysis is performed with respect to the device numbers, sizes,
and voltage setpoints. The results show that, low-voltage DSTATCOMs are
effective in increasing the PV hosting capacity. Furthermore, less devices with




Analytical Approach to Estimate Feeder
Hosting Capacity based on Protection Criteria
Widespread deployment of distributed energy resources (DERs) such as
photovoltaics (PV) and energy storage systems (ESS) in distribution networks
is necessitating the development of methods to assess their possible system
impacts. Among the key concerns is the impact of these DERs on the system
protection. Before integrating DER, system studies need to be performed to
assess associated impacts on the existing protection schemes [64]. However,
such studies require considerable time and effort [35]. 1This chapter develops
a scalable analysis-based method to conservatively estimate large-scale PV
and ESS hosting capacities of a distribution feeder. Typically, the DER im-
pact studies require the development of detailed distribution system models
using distribution system simulation tools [34]. Then the developed model is
validated using suitable methods such as comparing power flow results with
actual field measurements. Once the validated model is available, simulation
1Parts of this chapter appear in the published paper, ‘H. V. Padullaparti, P. Chi-
rapongsananurak, M. E. Hernandez, and S. Santoso, “Analytical Approach to Estimate
Feeder Accommodation Limits Based on Protection Criteria,” IEEE Access, vol. 4, pp.
4066-4081, 2016’. The author of this dissertation contributed all the sections in this paper
as first author.
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studies are performed to assess the impact of DER integration on protec-
tion schemes with numerous scenarios, often in thousands. Additionally, this
process can also pose several complications of scalability such as power flow
solution convergence problems, the complexity of analysis and visualization of
results considering a large number of fuses, huge time requirement to study all
possible combinations of PV sizes, and fault locations [11].
In the absence of insights into the relationship between various system
parameters causing the operational issues with DER integration, the utility
planners are usually forced to apply conservative rules of thumb penetration
levels to accept DER interconnection requests. For PV integration, the pen-
etration level is limited to 15% of the maximum feeder load on a line section
to avoid any adverse impacts [10]. Alternatively, system studies need to be
performed with all possible combinations of fault types, fault locations, PV
size and locations which are time consuming posing scalability challenges and
resulting in circuit specific outcomes. In this context, this chapter develops a
scalable analysis-based method to conservatively estimate large-scale PV and
ESS hosting capacities of a distribution feeder without causing relay insen-
sitivity and sympathetic tripping problems. The objective is to simplify the
estimation process with reasonable approximations under conservative settings
without requiring to carry out complex simulations. Furthermore, insights into
the overcurrent relay settings are provided when large-scale PV and ESS are
present. The analysis presented considers ‘low voltage ride through’ (LVRT)
or ‘fault ride through’ (FRT) requirements of PV and ESS which stipulates
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the PV and ESS to remain connected to the system during fault conditions.
The battery energy storage system is assumed for the ESS.
7.1 Analysis of Relay Reach and Sympathetic Tripping
with PV and ESS
7.1.1 Reduction of Relay Reach
The fault current contributions from DER such as PV and ESS reduce
the reach of the overcurrent relays installed upstream. To analyze reduction
of relay reach, consider the distribution circuit shown in Fig. 7.1a where a
large-scale PV system is planned to be connected to a bus in the middle of
the feeder. The upstream transmission system of the substation including the
substation transformer is represented by a Thevenin equivalent circuit with
impedance Zeq. Phase overcurrent relay ‘R’ is installed at the substation. A
remote end fault with resistance Rf is assumed for conservative study. The
impedances of the feeder sections upstream and downstream of the PV location
are represented by ZLine1 and ZLine2, respectively.
Analysis for symmetrical faults: Consider the fault in Fig. 7.1a is a three-
phase fault. The equivalent circuit of the system when the PV is not connected
is shown in Figure 7.1b. Using Kirchoff’s voltage law (KVL), the fault current
seen by the relay is given by:
IR,noPV =
Vsg
























Figure 7.1: (a) Distribution system with a fault (b) Equivalent circuit without
PV (c) Equivalent circuit with PV.
where Vsg and IR,noPV are the line-to-ground pre-fault voltage at the substation
bus and fault current through the relay without PV, respectively.
When the large-scale PV system is connected which injects fault current
IfPV during the three-phase fault, the equivalent circuit of the distribution
system is shown in Fig. 7.1c. Then the fault current through the relay with
the large-scale PV connected can be obtained by applying superposition in
Fig. 7.1c as
IR,PV = IR,noPV −
(ZLine2 +Rf )
(Zeq + ZLine1 + ZLine2 +Rf )
IfPV (7.2)
Following conclusions can be drawn from (7.2):
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1. The fault current through the relay is reduced due to the fault current
contribution from the PV during a three-phase fault. This current seen by the
relay is also influenced by the available short-circuit capacity at the substation.
2. The location of PV alters the fault current distribution. When the PV is
located close to the substation, ZLine2 is maximum causing more reduction
in the fault current seen by the relay at the substation. For the worst case
scenario, the PV is located close to the substation and the fault occurs at
the remote end of the feeder. In such a scenario, when the three-phase fault
resistance is sufficiently high, the fault current seen by the relay goes below
its phase overcurrent pickup value, making the relay insensitive to the fault.
This is called relay insensitivity.
3. When relay becomes insensitive to a fault of a given fault resistance, any
additional fault current contribution from the PV would further reduce the
fault current seen by the relay, making it insensitive to the faults with lesser
fault resistance.
Assuming the fault current contribution from the large-scale PV is twice
the PV rated current [16,17], the fault current through the phase overcurrent
relay from (7.2) can be expressed in terms of the PV size as (7.3).
IR,PV = IR,noPV − Z ′
{
2× PV rating√
3× PV bus voltage
}
(7.3)
where Z ′ =
(ZLine2 +Rf )
(Zeq + ZLine1 + ZLine2 +Rf )
When the ESS is also present in the system in discharging mode, (7.2)
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can be modified as:
IR,PV+ESS = IR,noPV − Z ′(IfPV + I
f
ESS)
where IfESS is the fault current contribution from the ESS.
It is observed from Z ′ that the maximum reach reduction occurs when
ZLine2 is maximum, i.e., when the PV or ESS is installed close to the substation
and the fault is at the remote end. Under this condition, if the grid impedance
Zeq is neglected as it is typically much smaller than the feeder impedance, then
Z ′ = 1. This implies that the reduction in phase overcurrent relay current is
exactly equal to the fault current injection from the PV or ESS.
Analysis for unsymmetrical faults: Considering the fault at the remote
end of the feeder as SLG, the analysis has been extended in [65] using sequence
networks and maximum unbalance fault current injection from PV as shown
in Fig. 7.2. Noting that the positive and negative sequence impedances of
distribution lines are equal, corresponding impedances of feeder sections up-
stream and downstream of the PV location are denoted as ZLine1 and ZLine2
respectively in this figure. Zero sequence impedances of the feeder sections are
denoted by Z0Line1 and Z
0
Line2.
The sequence components of fault currents injected by the PV for max-
imum unbalance shown in Fig. 7.2c is given by:





































































Figure 7.2: Equivalent circuit of distribution system with SLG fault a) without
PV and b) with PV c) Fault current injections by PV systems for maximum
unbalance during the SLG fault.
109
The impact of fault current contribution from a large-scale PV on the
ground overcurrent relay reach can be expressed as:
IRN,PV = IRN,noPV − Z ′′ × IPV (7.5)
IRN,PV = IRN,noPV − Z ′′
{
PV rating√
3× PV bus voltage
}
(7.6)






Line2 + 3Rf − 3(ZLine1 + Zeq)].
Equations (7.5) and (7.6) indicate that the ground fault current reduc-
tion depends on PV rated current (PV size), fault resistance, PV location and
available short-circuit capacity at the substation. For the worst case scenario,
PV is installed close to the substation and SLG fault occurs at feeder’s farthest
end for maximum reach reduction of the ground overcurrent relay.
From the parameters of Z ′′, it is observed that the maximum reach
reduction occurs when ZLine2 is maximum, i.e., when the PV is installed close
to the substation and the fault is at remote end. In this scenario, if Zeq is
neglected, then Z ′′ = 1. This implies that the reduction in ground overcurrent
relay current is exactly equal to the rated PV current which is less than PV
fault current contribution. As such, the reduction in ground fault current
seen by feeder head-end relay is less than the phase overcurrent relay current
reduction in case of three-phase faults.
When the ESS is also present, analysis can be done along the same
lines and the ground fault current seen by the upstream relay can be obtained
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from (7.5) as
IRN,PV+ESS = IRN,noPV − Z ′′(IPV + IESS) (7.7)
For conservative estimation, (7.7) considers that both ESS and PV fault
currents are in phase with each other. Then, the PV rating in (7.6) includes
both PV and ESS ratings, when ESS is also present.
7.1.2 Sympathetic Tripping
Sympathetic tripping occurs when the fault current from the PV causes
relays on the healthy feeder to pick up for faults on the adjacent feeders result-
ing in an unnecessary outage of the healthy feeder. To analyze the sympathetic
tripping, consider the system shown in Fig. 7.3a where a large-scale PV sys-
tem is connected in Feeder 1 and a three-phase fault is assumed on adjacent
Feeder 2. Its equivalent circuit is shown in Fig. 7.3b. During the fault, if the
PV system remains in the circuit, it feeds the fault back through the relay ‘R’
at the substation. When the large-scale PV is of considerable size, the fault
current from the PV can go above the pickup setting of the overcurrent relay






















Figure 7.3: a) Illustration of sympathetic tripping b) Equivalent circuit.
Analysis for symmetrical faults: From Fig. 7.3b, the fault current through
the relay in Feeder 1 is
IR = −IfPV
It indicates that the current through the relay solely depends on the
fault current from the large-scale PV system and flows in the reverse direction.
Therefore, as the PV size increases, its fault current contribution also increases
and eventually trips the relay when the current from the PV goes above the
phase overcurrent relay pickup current setting.
Considering that IfPV is twice the IPV for the conservative estimate, the
magnitude of the fault current flowing through the relay can be expressed in
terms of the PV rating as:
|IR| = |IfPV | =
∣∣∣∣ 2× PV rating√3× PV bus voltage
∣∣∣∣ (7.8)
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If the ESS is also present in the system, we need to consider its fault
current contribution also for the sympathetic tripping study. Assuming the
ESS is connected to the same bus to which the large-scale PV is connected and
is injecting fault current in phase with the PV fault current, the fault current
seen by relay becomes |IR| = |IfPV + I
f
ESS| and the PV rating in (7.8) includes
the ESS rating also.
Analysis for unsymmetrical faults: In the case of SLG faults, the ground
overcurrent relay of the feeder shall detect the ground fault current and trip.
The ground fault current or residual current through the relay is the sum of
the fault currents being injected by the PV system in all the three phases and
can be expressed as:
IRN,PV = −(IfPV a + I
f
PV b + I
f
PV c) = −3I
f
PV 0 (7.9)
From (7.4) and (7.9), the current seen by the ground overcurrent relay
under maximum unbalance condition is |IRN,PV | = |IPV |. In terms of PV
rating, this can be expressed as
|IRN,PV | = |IPV | =
∣∣∣∣ PV rating√3× PV bus voltage
∣∣∣∣ (7.10)
When the ESS is also present, the total ground fault current through
the relay would be the vectorial sum of both the ground fault currents from
the PV and the ESS which is given by
IRN,PV+ESS =− (IfPV a + I
f














where IfPV 0 and I
f
ESS0 are the zero sequence current injections from PV and
ESS respectively.
If we conservatively assume that ESS is injecting fault currents in phase
with PV fault currents, the PV rating in (7.10) gives combined PV and ESS
rating.
7.2 Validation of the Analysis using a Utility Distribu-
tion Feeder Model
The analysis presented in the previous section is validated through the
simulation studies on a utility distribution feeder model in OpenDSS.
7.2.1 System Description
For simulation studies, a detailed distribution circuit model has been
developed in OpenDSS using the data obtained from a utility. The data com-
prises of the transformer, line data, load profiles, capacitors, regulator data
etc. The system has a 24 MVA transformer at the substation. The three-
phase and single-phase short-circuit MVA of transmission system upstream of
the substation transformer are 562 MVA and 93 MVA respectively. A 1.6 mi
long 12.47 kV level primary distribution feeder is supplied by this transformer.
Maximum loading in the feeder is 15.77 MW and the corresponding load cur-
rent is 730 A. Minimum loading is 6 MW. This detailed distribution model is
used for simulations.
Figure 7.4 shows the single-line diagram of the distribution system used
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for theoretical calculations. The sequence impedances of the system are ob-





















Figure 7.4: Single-line diagram of utility distribution feeder with fault.
Table 7.1: Sequence impedances of different sections of the utility distribution
feeder













Following circuit conditions are considered for this study:
a) The breaker installed at the feeder head is controlled by both phase and
ground overcurrent relays. The pickup setting for the phase overcurrent relay
is considered as 200% of the maximum load current plus some margin that is
1500 A. For ground overcurrent relays, the pickup current setting is chosen as
100% of the maximum load current plus some margin that is 750 A.
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b) The PV and ESS are connected to a bus approximately 0.83 mi away from
the substation (Bus 2) and the fault is simulated at the remote bus (Bus 3) as
shown in Fig. 7.4.
7.2.2 Reduction of Relay Reach
The utility distribution feeder model is simulated initially with a bolted
three-phase fault at bus 3 without the large-scale PV and ESS in the system.
The fault resistance is increased and the phase-A current through the relay
at the substation is monitored. Next, a large-scale PV system is connected to
bus 2 and the study is repeated. The fault current profiles seen by the phase
overcurrent relay for varied fault resistance as the PV size is increased from 1
MW to 8 MW are shown in Fig. 7.5b. It is observed that when the PV is not
connected, the relay at the substation is insensitive to the three-phase faults
with Rf > 3.8 Ω. In other words, the phase overcurrent relay cannot detect
the three-phase remote end faults having fault resistance higher than 3.8 Ω. As
the PV size is increased, the corresponding PV fault current contribution IfPV
is increased resulting in relay insensitivity at lower fault resistances. For the
large-scale PV size of 8 MW, the phase overcurrent relay is insensitive to the
remote end three-phase fault with resistance above 2.5 Ω. In the simulation,
the PV fault current under this condition is observed as 550 A which is 1.5
times the rated PV current IPV = 370 A.
The simulation results can be compared with theoretical relay currents
predicted using (7.2) to validate the analysis. The pre-fault voltage of Bus 3
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is obtained from the load flow program as Vsg = 7279∠ − 33.7◦. Using the













Figure 7.5a shows the predicted fault currents seen by phase overcur-
rent relay at the substation using (7.12) for various PV ratings and Rf . The
theoretical predictions shown in Fig. 7.5a closely match with the results ob-
tained using circuit simulations shown in the Fig. 7.5b, confirming the validity
of the analysis. In particular, the PV size to cause relay insensitivity for a
remote end three-phase fault resistance of Rf = 2.5 Ω is 8 MW in both the
figures.
The impact of ESS on the fault current seen by the upstream phase
overcurrent relay is studied by connecting a three-phase ESS of rating 3 MW
to Bus 2 along with the large-scale PV of rating 1 MW. The variation of fault
currents seen by the phase overcurrent relay when there is no PV, when the
PV is connected to Bus 2, and when both PV and ESS are connected to Bus
2 is shown in Fig. 7.6a. It is observed that when the large-scale PV is not
connected, the phase overcurrent relay is insensitive to the three-phase faults
with Rf > 3.8 Ω as in the previous case. When the 1 MW PV is connected,
the relay is insensitive to the three-phase faults with Rf > 3.6 Ω due to the
fault current injection of IfPV = 63 A by the PV. And when the 3 MW ESS
is also connected, the relay insensitivity occurs at a further lower value of
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Rf > 3.1 Ω due to the additional fault current contribution of I
f
ESS = 179.6 A
by the ESS. The results show that the effect of ESS is similar to that of the
large-scale PV for protection studies. As such, the ESS of higher ratings can
reduce the overcurrent seen by the upstream phase overcurrent relays and can
interfere with the feeder overcurrent protection.
Ip = 1500 A
No PV
PV = 1 MW
Rf = 2.5 Ω Rf = 3.5 Ω 
PV = 8 MW
(a)
Ip = 1500 A
No PV
PV = 1 MW
Rf = 2.5 Ω Rf = 3.8 Ω 
PV = 8 MW
(b)
Figure 7.5: (a) Predicted current seen by the relay for various PV ratings
and Rf using (7.12) (b) Fault current seen by phase overcurrent relay with
large-scale PV and varied remote end three-phase fault resistance using circuit
simulations.
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Ipn = 750 A




Figure 7.6: (a) Fault current seen by the phase overcurrent relay installed at
the substation for various PV ratings and three-phase fault resistance when a
3 MW ESS is present (b) Comparison of predicted ground fault current seen
by relay using (7.5) and simulated values without PV and with 8 MW PV for
varied Rf .
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The impact of ground fault current contribution from the large-scale PV
on the fault current seen by the ground overcurrent relay can be predicted using
(7.6) for the system parameters in Table 7.1. The predicted ground overcurrent
results when the large-scale PV ratings are 1 MW and 8 MW are shown in
Fig. 7.6b. For ease of comparison, the ground overcurrent results obtained from
the SLG fault simulation using the detailed distribution system model are also
shown in the same figure. From both theoretical predictions and simulation
results, it is observed that the reduction in the ground fault current seen by
the upstream relay increases as the large-scale PV size increases. Note that
(7.6) gives most conservative predictions by considering maximum unbalance
in the PV fault current injection. It is observed that the error between the
predicted and simulated fault current results in the region of interest where
the relay insenstivity of ground overcurrent relay occurs that is at Rf = 7 Ω
is very less, thus validates the analysis.
7.2.3 Sympathetic Tripping with PV and ESS
Figure 7.7 shows the single-line diagram of the utility distribution feeder
including an adjacent feeder. In the OpenDSS, the adjacent feeder is modeled
as an aggregated load equal to the yearly demand of the main feeder which is
4726 kW. For sympathetic tripping simulation study, initially a large-scale PV
system is connected to the Bus 1 and a bolted three-phase fault is simulated
at a bus on the adjacent feeder. Both the buses are closest to the substation











Figure 7.7: Utility distribution system with the adjacent feeder.
Figure 7.8a shows the fault current through the phase overcurrent relay
as the large-scale PV size is increased from 0 MW to 20 MW. The figure also
shows the effect of ESS on the fault current seen by the relay. It is observed
that, when the ESS is not connected, the fault current through the phase
overcurrent relay is increased as the PV size is increased and reached the
pickup value of 1500 A at 16.2 MW of PV size. The large-scale PV size for
causing sympathetic tripping can also be estimated from (7.8) as 16.2 MW,
matching with the simulation results.
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Figure 7.8: (a) Fault current seen by phase overcurrent relay without and with
ESS as the PV size is increased (b) Fault current seen by ground overcurrent
relay as the PV size is increased.
The effect of the fault current contribution from the ESS is studied by
connecting an ESS of size 3 MW to Bus 1 along with the large-scale PV. The
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simulation results are shown in Fig. 7.8a. When the ESS is also connected to
the system along with PV, it is observed that the sympathetic tripping occurs
at 14.4 MW of large-scale PV rating which is less compared to the case without
ESS. This is due to the additional fault current contribution from the ESS. At
this point, total 17.4 MW of PV and ESS present in the system. The fault
current contributions from the large-scale PV and the ESS in the phase-A are
noted as: IfPV a = 1333.4∠155.9
◦ A and IfESSa = 321.03∠92.2
◦ A, respectively.





35.1◦ A. We can make a conservative estimate of the combined PV and ESS
rating for the possibility of sympathetic tripping using (7.8) also which is 16.2
MW. Note that the conservative estimate of the PV and ESS rating for the
likelihood of sympathetic tripping is slightly lower than the simulated result.
This is due to the fact that the fault current injections from the PV and the
ESS in the simulation are out of phase.
For unsymmetrical fault analysis, the sympathetic tripping study is
done by simulating an SLG fault on the adjacent feeder as shown in Fig. 7.7.
The ground fault current seen by the ground overcurrent relay as the large-
scale PV size is increased from 0 to 20 MW is shown in Fig. 7.8b. It is observed
that as the PV size is increasing, its ground fault current contribution is also
increasing, going above the ground overcurrent pickup value of 750 A at a PV
size of 16.2 MW. At this point, the feeder currents in all the three phases are
Ifa = 1500.3∠ − 24.5◦ A, I
f
b = 848.49∠40.4
◦ A, Ifc = 889.76∠ − 88.7◦ A, and








A. The large-scale PV rating to cause sympathetic tripping can be estimated
from (7.10), i.e., 16.2 MW.
Figure 7.8b shows the simulation results when three single-phase ESS
of 1 MW rating each are also connected to Bus 1 along with the PV. It can
be observed that the sympathetic tripping now occurs at a large-scale PV size
of 14.8 MW which is lower than the previous case due to the additional fault
current contribution from the ESS. When the ground fault current through the
feeder goes above the pickup value, the ground fault current contributions from
the PV and the ESS are IfPV n = 718∠−16.8◦ A and I
f
ESSn = 226.1∠−111.46◦





c = 751∠−39◦ A. The PV and ESS combined size in the simulation for the
sympathetic tripping to occur is 17.8 MW. The PV and ESS size conservative
estimate from (7.10) is 16.2 MW. The conservative estimate is slightly lower
than the simulated result because the ground fault current injections by the
PV and ESS are out of phase. However, the deviation of estimated PV and
ESS size from the simulated size in this case is less than 7%.
7.3 Summary
In this chapter, a comprehensive analysis of relay insensitivity and sym-
pathetic tripping problems in a utility distribution feeder is provided with an
aim to conservatively estimate the large-scale PV and ESS hosting capacities
of the distribution feeder. Based on the analysis, the factors influencing the
impact of large-scale PV and ESS on the overcurrent protection schemes are
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discussed. The proposed analysis-based approach is scalable and thus can be
applied to large distribution circuits also. The analytical conclusions are val-
idated by simulation results using a detailed distribution circuit model of a
utility in OpenDSS. Normally, in addition to the breaker at the substation,
the distribution circuits can have few reclosers placed along the feeder. In
such cases, the expected fault current can be computed at each recloser using
the proposed method. Once we have the expected fault currents with large-
scale PV and ESS, the possibility of relay/recloser insensitivity can be checked




This dissertation aims to develop methods and algorithms to improve
voltage regulation and system protection for modern grids. For voltage reg-
ulation, edge-of-grid voltage control devices are modeled and algorithms for
deploying them are developed to remove voltage violations, perform voltage
smoothing, lower energy losses, and increase the feeder PV hosting capacity
through grid edge voltage control. To assess the PV and ESS hosting capaci-
ties of a distribution feeder with respect to overcurrent protection criteria and
to provide insights into the relay settings, an analytical approach is developed.
Detailed distribution circuit models are developed using the data from utilities
to evaluate the efficacy of the proposed algorithms. In this final chapter, the
key results and contributions are summarized.
Chapter 2 investigates the effectiveness of the edge-of-grid voltage con-
trol devices in removing the low-voltage violations in distribution circuits.
First, the modeling and characteristics of low-voltage universal power flow
controller (UPFC) and static var compensator (SVC) are discussed. It is
concluded that, the UPFC regulates the load voltage through series voltage
injection (in voltage regulation mode) and the SVC performs voltage regu-
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lation using reactive power injection. Both these devices are operated using
local autonomous voltage-based controllers. Next, an algorithm based on un-
dervoltage area criterion for effective placement of these devices is proposed.
A set of 1 UPFC and 15 SVCs are deployed in an actual distribution circuit of
a utility using the proposed algorithm. The results show that, the edge-of-grid
devices augment the traditional primary side voltage controls in regulating the
load voltages in distribution networks.
Chapter 3 presents a multi-objective optimization approach for place-
ment of edge-of-grid SVCs considering voltage violations, energy losses, and
traditional voltage regulation equipment switching operations. The goal is to
minimize these parameters while placing the minimum number of SVCs operat-
ing on local voltage-based controllers. The binary particle swarm optimization
(BPSO) is used to solve the proposed binary optimization formulation. The
results show that, the placement of edge-of-grid SVCs using the proposed ap-
proach helped lowering the energy losses, switching operations while improving
the voltage regulation in a utility distribution circuit.
In chapter 4, a two-stage optimization framework based on AC optimal
power flow (ACOPF) for optimal placement and real-time centralized control
of edge-of-grid low-voltage SVCs (LV-SVCs) is proposed to minimize the en-
ergy losses while maintaining the load voltages within acceptable limits. In
the first stage, the objective is to minimize the investment cost per day of the
LV-SVCs. Based on the optimal dispatch of capacitors, which is the solution
of the first stage, the optimal locations of LV-SVCs are determined. These lo-
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cations are the input to the second stage, in which the ACOPF is run again to
determine the real-time secondary-side reactive power injections in the circuit
by LV-SVCs to minimize the active power losses. The distribution circuit’s
performance using the proposed real-time centralized control of LV-SVCs is
compared with that of the LV-SVC operation using local voltage-based con-
trollers. A 3% reduction in the energy losses is observed in the study when
the real-time control using the proposed approach is applied compared to the
base case when LV-SVCs are not present.
As the determination of effective smart inverter settings for photovoltaic
(PV) systems is a complex process, chapter 5 proposes a simplified tuning
procedure for the PV smart inverter control parameters for voltage regulation
and smoothing. Defining the voltage range and voltage variability index met-
rics, the proposed approach quantifies the steady-stage voltage variation and
voltage fluctuations in the PV terminal voltages from peak day quasi-static
time-series (QSTS) simulation. Then the effective PV smart inverter control
settings are identified as those resulting in the low voltage range and volt-
age variability indexes. The results show that, when the tuned settings using
the proposed approach are used, the voltage range is reduced by 64% and
the variability index is reduced by 82.5% compared to the unity power factor
operation of PV in the studied circuit.
Motivated by the benefits of edge-of-grid devices, chapter 6 proposes
the application of low-voltage DSTATCOMs (LV-DSTATCOMs) to increase
the PV hosting capacity of distribution feeders. The LV-DSTATCOMs absorb
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the reactive power to regulate the rising bus voltages resulting from excessive
PV generation. Stochastic analysis framework is used to determine the PV
hosting capacity while an iterative placement technique is used to place the
LV-DSTATCOMs. Additionally, sensitivity analysis is carried out to provide
insights on the optimal device size, number, and control settings. The results
show that, the PV hosting capacity can be significantly increased by installing
a few LV-DSTATCOMs a key locations for reactive power absorption. For the
circuit used in this study, a set of 23 devices has increased the PV hosting
capacity from 15% to 100% of the feeder’s median day time peak load.
In chapter 7, an analytical approach is presented to estimate the PV and
energy storage system (ESS) hosting capacities of distribution feeders based on
overcurrrent protection as impact criterion. As the existing simulation-based
estimation approaches require considerable time needing to develop detailed
circuit models and numerous simulations to run, the proposed approach is use-
ful in providing preliminary PV and ESS hosting capacity estimates without
requiring to perform any simulations. Sympathetic tripping and relay insen-
sitivity problems are considered in this chapter under both symmetrical and
unsymmetrical fault conditions. Using the analysis presented, the factors in-
fluencing these protection problems are determined to provide insights into
relay settings. The hosting capacities obtained using the proposed analytical
approach are compared with those obtained using simulations of an actual
distribution circuit model. The findings show that the proposed approach is
accurate in estimating the feeder’s PV and ESS hosting capacities.
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In summary, this dissertation presents our key contributions as follows:
• Provided insights into the operational characteristics of edge-of-grid low-
voltage UPFC and SVCs while proposing an effective algorithm for de-
ploying them in distribution circuits.
• A multi-objective optimization formulation is proposed to determine the
optimal locations of edge-of-grid SVCs operating on local controllers.
• A two-stage optimization framework based on AC optimal power flow is
proposed for placement and centralized real-time control of edge-of-grid
LV-SVCs to minimize energy losses while providing voltage regulation.
• A simplified procedure to tune the smart inverter control setting param-
eters of PVs present in the feeder neighborhoods experiencing voltage
regulation problems is proposed.
• Proposed and examined the application of edge-of-grid LV-DSTATCOMs
to mitigate the voltage rise due to PV generation, thereby increasing the
distribution feeder’s PV hosting capacity.
• An analytical approach is proposed to conservatively estimate the PV
and ESS hosting capacity of distribution feeders based on overcurrent
protection impact criteria while providing the insights into the overcur-
rent relay settings when high levels of PV and ESS are present.
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